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Abstract
The assessment of clam yield potential and the identification of suitable sites for clam rearing are a necessary step to improve
the economic and environmental sustainability of the exploitation activities in a regulated fishery. We discuss the development,
validation and application of a method for estimating the clam yield potential of a northern Adriatic lagoon (Sacca di Goro, Italy)
by combining logistic and ordinary regression. Clam yield potential was derived on the basis of six environmental parameters,
namely sediment type, dissolved oxygen, salinity, hydrodynamism, water depth and chlorophyll “a”. Density data were positively
skewed and contained a substantial proportion of zero values due to the patchy-distribution of Tapes philippinarum. The original
data set was divided in two parts: one indicating if T. philippinarum was present or not and the other indicating the abundance of
the species when it was present. The presence data was modelled by using logistic regression and the abundance data was
separately modelled by using ordinary regression. The two models were then combined to identify suitable sites, to compute the
expected clam yield potential in the Goro lagoon and to define the role of each environmental parameter in determining clam
presence and abundance. The two-part model was then validated on a further data set (R2 = 0.87). Data on environmental
parameters gathered in 15 sampling sites were interpolated via a nearest neighbour algorithm so as to derive maps of each
environmental parameter for the whole lagoon. Finally, the two-part model was applied to derive the thematic maps of suitable sites
for clam rearing and the corresponding yield potential.
We claim that this reasonably rapid and cost-effective approach provides a rigorous framework for a fair partition of harvesting
concessions among competitive users and for a substantial improvement of transparency in the decision-making process.
© 2006 Elsevier B.V. All rights reserved.
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The achievement of highly productive harvesting
activities compatible with the long term conservation
of the natural environment is generally considered a
central goal of wetland management where extensive
mollusc farming is performed. In areas where clam
fishing is not regulated, such as the lagoon of Venice
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(Italy), the use of illegal fishing tools, overfishing and
the exploitation of polluted sites (Pastres et al., 2001;
Solidoro et al., 2003) put a serious threat on the sustainability of the whole fishery. An effective management policy to prevent unlimited access to the resource
and the consequent overexploitation of the fisheries
requires the design of a rationale concession regime
regulating the harvesting activities. Protocols limiting
the harvesting days, Total Available Catch (TAC) and
setting individual harvestable quotas and/or minimum
clam size can be implemented to sustain the exploitation activities in the long run. In this context, a
rigorous identification of the harvestable ground and
an accurate assessment of the commercial yield potential are necessary to guarantee a sustainable fishery,
to improve economic efficiency and to foster transparency in the decision-making process aimed at planning the exploitation activities. This is what needs to
be done in the Sacca di Goro coastal lagoon in North
Adriatic (Fig. 1), one of the most important aquaculture systems in Italy for the commercial exploitation of
the Manila clam Tapes philippinarum. The farming of
Manila clam, an exotic clam of Indo-Pacific origin
first introduced in the lagoon in 1984 (Rossi, 1989) as
a culture species, provides in Goro an average annual
production of about 10,000–15,000 t that guarantees
an annual revenue of about 50 million euros (Cellina
et al., 2003) distributed among more than 3000 people
(Paesanti and Pellizzato, 2000). At present, only 10 of
the 26 km2 of the Goro lagoon are actually exploited
and the harvestable areas has been divided by the
public regulatory agency into a number of concessions
(site licences) — each managed by local clam fisher-

Fig. 1. The Sacca di Goro coastal lagoon and its position in Northern
Italy.

men — whose potential yield is estimated on the basis
of past experience and expert knowledge. The competition among fishermen for the assignment of the
most productive patches within the lagoon forced the
regulatory agency to explore more objective and rigorous methods to assess the potential productivity of
different sites within the Sacca di Goro. On one hand,
fairly complex models of nutrient dynamics and/or clam
demography and population structure have been developed by Pastres et al. (2001), Solidoro et al. (2003) for
the Venice lagoon and by Melià et al. (2003, 2004) and
by Melià and Gatto (2005) for the Sacca di Goro. On
the other hand, Vincenzi et al. (2006) developed a
conceptually simple and cost-effective GIS-based Habitat Suitability (HS) model to associate occurrence and
abundance of T. philippinarum in Goro to site-specific
biogeochemical and hydrodynamic parameters, namely:
share of sand in the sediment, salinity, oxygen concentration, average water current, chlorophyll “a” and
water depth. For each environmental parameter, a specific suitability function was derived on the basis of
practical experience, expert knowledge and grey literature (Paesanti and Pellizzato, 2000); the parameterspecific suitability functions evaluate the suitability —
defined on an arbitrary scale between 0 and 1 — of a
given site with respect to each biogeochemical and
hydrodynamic parameter. The parameter-specific suitabilities were then aggregated by Vincenzi et al. (2006)
through a weighted geometric mean to derive an integrated assessment of site-specific habitat suitability.
Finally, a scaling function derived from field observations was used to transform habitat suitability values
into estimates of potential yield. Unfortunately, weights
were assigned only on the basis of experts opinion. As a
consequence, even though the HS model was based on
objective data and consolidate practical knowledge of
clam rearing in north Adriatic lagoons, the overall
methodology was affected by a high level of uncertainty
in the relative importance of the different environmental
factors in predicting clam presence and abundance.
Aim of the present work is the assessment of commercial clam yield potential in the Sacca di Goro
lagoon by using a more robust, data-driven modelling
approach, namely by calibrating and validating a twopart conditional model on field data.
In many ecological studies, abundance or density
data often exhibit a substantial proportion of zero values. This is also the case of T. philippinarum in the
Sacca di Goro lagoon, where the presence of zero inflation is clearly linked to the patchy-distribution of the
organism reflecting differences in suitability on different
sites within the lagoon. The presence of zero inflation
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due to excess zeros is a special case of overdispersion
(McCullagh and Nelder, 1989; Hinde and Demetrio,
1998; Poortema, 1999): when the number of zeros is so
large that the response variable cannot be fit by using
standard distributions (i.e., normal, Poisson, binomial,
negative binomial, beta and gamma) the data set is
considered “zero inflated” (Heilbron, 1994; Tu, 2002).
The term can be applied either when zero inflation is the
result of a large number of zero observations caused by
the ecological effect under study (“true zeros”) and
when excess zeros are caused by sampling or observer
errors during data collection (“false zeros”). As noted by
Martin et al. (2005), zero-inflated models have been
recently applied in a broad range of ecological
scenarios, including data sets in which zero inflation
was determined either by true zero (e.g. Podlich et al.,
2002; Kunhert et al., 2005) or by false zero observations
(e.g. Tyre et al., 2003; Wintle et al., in press). Basically,
two approaches have been proposed to model count data
when the number of zero is too high for the response
variable to be fit by a standard distribution (Fletcher
et al., 2005; Martin et al., 2005): the mixture model
approach and the two-part modelling approach. In the
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mixture model approach, the response is assumed to
have a mixture distribution: with probability p it is equal
to zero and with probability 1 − p it has a Poisson or
negative binomial distribution (Lambert, 1992). A key
feature of the mixture model approach is that it allows
zero to be part of either component (Lambert, 1992). In
the two-part modelling approach, also known in the
literature as conditional model approach, the occurrence
of zero observations and the positive abundances are
separately modelled, whereby the first part is a binary
outcome logistic-type model and the second part is a
truncated count model (Welsh et al., 1996) calibrated on
available data. For this second part, a range of available
distributions have been employed, typically the Poisson
or negative binomial for discrete counts and the Gamma
or log-normal for continuous data. As noted by Fletcher
et al. (2005) and Martin et al. (2005), the two-part
modelling approach has two major advantages: first,
presence and abundance can be modelled separately
gaining insights into whether they are influenced by the
covariates in different ways and second, the analysis is
simpler than with the mixture model approach, as the set
of parameters for the two models can be estimated and

Fig. 2. Location of the rearing concessions and of the 15 sampling stations in the Goro lagoon.
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interpreted independently. In a fisheries context, Stefansson (1996) suggested to use either a log-normal or a
gamma distribution to model the positive values. In our
case, the two-part modelling approach allows us to take
into account in model formulation the “true zero” densities arising from a low frequency of occurrence of
T. philippinarum linked to the limited range of values of
critical environmental parameters suitable for clam
growth and survival.
Our paper is organized as follows: after a brief
description of the study area, of the environmental factors regulating clam growth and survival and of available data, we briefly illustrate the main features of the
conditional model and calibrate and validate the model
to the Sacca di Goro lagoon by using two independent
data sets derived by the available data. Then, we apply
the conditional model to the Goro lagoon to obtain
estimates of clam yield potential. Finally, in the last
section, we discuss the relevant features, limitations and
further development of the conditional model for clam
yield assessment.

et al., 2004) the main biogeochemical and hydrodynamic
factors affecting clam growth, survival and farming are
salinity, sand content in the sediment, hydrodynamism
(i.e. water current), water depth, dissolved oxygen and
chlorophyll “a”. As for mean annual temperature, while it
is a crucial determinant of clam growth, it does not
exhibit a sufficient spatial variation in the Goro lagoon to
determine variability in clam yield potential (Vincenzi
et al., 2006); as a consequence, temperature has not been
explicitly included in the model to assess the clam yield
potential of the whole lagoon and to identify spatial
differences in suitability within the lagoon.
2.3. Data and sampling survey
Due to its geographic and economic importance, a
number of sampling surveys have been carried out in the
last years to gather information on the main biogeochemical and hydrodynamic parameters, primary productivity, water quality etc. In particular, in the year 2003, a
carefully planned sampling survey was performed to
investigate also areas currently not exploited for farming.

2. Materials and methods
Detailed information on study area, main environmental factors affecting clam growth and survival in the
Sacca di Goro lagoon and sampling routine have been
described in detail elsewhere (Vincenzi et al., 2006).
Therefore, only the aspects relevant for this study are
described hereafter.

2.3.1. T. philippinarum density
Density samples of T. philippinarum density were
acquired by local expert fishermen in the 2003 by means
of gear locally called “rasca” (Vincenzi et al., 2006). In
order to collect clam samples of all size, rasca with
6 mm fine mesh net bags were used in the harvesting
processes. A total of 107 density samples were collected
during the sampling survey.

2.1. Study area
Sacca di Goro is a shallow Northern Adriatic lagoon
(surface 26 km2, average depth 1.5 m) located in the
southern area of the Po river delta (44.78–44.83° N,
2.25–12.33° E) (Fig. 1). The lagoon is separated from
the Adriatic Sea by a narrow sandy barrier with two
mouths of about 0.9 km each regulating saltwater exchanges and it has four freshwater inlets, namely Po di
Goro and Po di Volano rivers and Bianco and Giralda
channels. At present, the limitations of exploitation
activities (Fig. 2) imposed by the regulatory agency
permit a annual production of about 10,000 t (Pellizzato
and Da Ros, 2005).
2.2. Environmental factors affecting clam growth,
survival and farming
According to a number of studies performed in the
Sacca di Goro (Rossi, 1996; Paesanti and Pellizzato,
2000; Pastres et al., 2001; Solidoro et al., 2003, Melià

2.3.2. Biogeochemical and hydrodynamic parameters
Data on physical–chemical parameters, namely salinity, chlorophyll “a” and dissolved oxygen were gathered
seasonally in the year 2003 in 15 different stations
Table 1
Basic statistics of environmental parameters sampled in the study area
Parameter

Mean ± SD

Range

Vital
limits

Optimal
range

H (m s− 1)
Sa (‰)
Sd (% sand)
B (m)
C (μg l− 1)
O (% of
saturation)

0.06 ± 0.06
24.63 ± 1.20
0.45 ± 0.30
1.48 ± 0.89
5.97 ± 1.67
78.14 ± 2.39

0 – 0.36
21.89 – 27.08
0.19 – 0.99
0 – 5.5
3.50 – 14.18
70.76 – 83.86

0.1 – 2
15 – 40
N0.2
0.2 – 3
0.1 – 23
N40

0.3 – 1
25 – 35
N0.6
0.8 – 1.5
2–12
N80

Vital limits and optimal range refer to knowledge of experts of
T. philippinarum farming in North Adriatic lagoons (Paesanti and
Pellizzato, 2000). H = Hydrodynamism; Sa = Salinity; Sd = Share of
sand in the sediment; B = Bathymetry; C = Chlorophyll “a”; O = Dissolved oxygen.
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located within the lagoon (Fig. 2) by using a multi-parametric probe (IDRONAUT OCEAN SEVEN 301M).
The probe was programmed to sample every 30 cm from
surface to the bottom, recording parameter values.
Observed values were then averaged to compute the
annual means. Data on bathymetry were gathered by
using an Eco-Sounder (248,000 points total).
Sediment sampling was performed by the Geology
Department of the University of Ferrara (Simeoni et al.,
2000) giving as result the sand content of the sediment; in
fact, it is well known that T. philippinarum performs better
in sandy sediment rather than in muddy sediment (Barillari
et al., 1990; Rossi, 1996; Paesanti and Pellizzato, 2000).
Water flow dynamics in the Sacca di Goro, in particular
flow fields and flow capacity values (m3 s− 1 m− 1), were
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acquired from the study performed by Brath et al.
(2000). Hydrodynamism was estimated in the whole
lagoon for four different conditions, namely low tide,
high tide, intermediate decreasing tide and intermediate
increasing tide; the average value was used in this work.
Table 1 shows the basic statistics of the environmental parameters sampled in the Goro lagoon and vital
limits and optimal conditions for T. philippinarum farming in North Adriatic lagoons.
2.3.3. Data interpolation and thematic maps
Point data were interpolated via a nearest neighbour
algorithm over grid of 100 × 88 cells (each one of 1 ha of
surface) by using the software SURFER™ of Golden
Software Inc. ver. 7.02 to provide thematic maps of the

Fig. 3. Thematic maps representing bathymetry (m), chlorophyll “a” (μg l− 1), hydrodynamism (m s− 1), sediment type (% of sand), salinity (‰) and
dissolved oxygen (% of saturation).
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Table 2
Pearson's r correlations between the biogeochemical and hydrodynamic variables

Salinity
Sediment
Hydrodynamism
Bathymetry
Oxygen
Chlorophyll

Salinity

Sediment

–
− 0.12
0.05
− 0.12
− 0.28*
− 0.29*

− 0.12
–
0.26*
− 0.29*
0.24
− 0.04

Hydrodynamism
0.05
0.26*
–
−0.04
0.29*
−0.16

Bathymetry

Oxygen

Chlorophyll “a”

− 0.12
− 0.29*
− 0.04
–
− 0.26*
− 0.08

− 0.28*
0.24
0.29*
− 0.26*
–
0.03

− 0.29*
− 0.04
− 0.16
− 0.08
0.03
–

*p b 0.05.

whole Goro lagoon for each of the environmental parameters considered.
2.4. Statistical methods
Given the relatively high presence of true zeros
counts and overdispersion caused by large counts, a
two-part conditional model was fitted to explore the
relationship between clam yield (kg m− 2 year− 1) and
the main biogeochemical and hydrodynamic parameters
affecting clam growth and survival and to assess clam
yield potential in the Goro lagoon.
The original data set (n = 107) was randomly splitted
in two parts: the calibration data set (n = 80) and the
validation data set (n = 27). Two further data sets were
extracted from the calibration data set: one indicating
whether T. philippinarum was present or not (presence
dataset) and the other reporting the density (in kg m− 2

year− 1) for those sites in which T. philippinarum was
present (abundance dataset). Multiple correlation analyses were used to identify correlations between independent variables (Pearson's r N 0.7), as collinearity can
seriously affect conclusions from multiple regression
models (Tabachnick and Fidell, 1996; Quinn and
Keough, 2002). The presence data and the abundance
data were modelled in terms of the explanatory variables, using logistic and ordinary regression, respectively. Hydrodynamism and bathymetry values were logtransformed to improve normality. We computed log
(bathymetry + 1) to account for the presence of zero
values. Preliminary analysis on data distribution showed
the adequacy of the log-normal distribution to model the
positive densities of T. philippinarum.
For both parts of the conditional model the best model
was chosen by a backward stepwise selection procedure
based on the AIC value of the model (Akaike, 1974)

Table 3
Estimates, standard errors and standardised estimates of the coefficients for the explanatory variables for the selected logistic and ordinary regression
models chosen using stepwise selection based on the AIC value of the model
Logistic regression

Ordinary regression

Parameter

Estimate

Std. error

Standardised estimate

Estimate

Std. error

Standardised estimate

H
Sa
Sd
B
C
O
Sa:C
Sd:C
Sd:O
C:O
C:H
C:B
O:I
O:B
H:B
R2
σ2

3.66
–
6.04
–
–
0.74
–
–
–
–
–
–
–
–
–
–
–

1.25
–
3.09
–
–
0.28
–
–
–
–
–
–
–
–
–
–
–

2.93
–
1.95
–
–
2.64
–
–
–
–
–
–
–
–
–
–
–

− 18.00
− 2.05
81.56
− 21.08
− 31.37
− 0.44
0.42
− 0.93
− 0.95
0.25
− 0.45
0.93
0.25
0.23
1.50
0.82
0.21 (76 d.f.)

10.68
0.47
17.83
11.6
10.37
0.89
0.07
0.31
0.22
0.12
0.13
0.28
0.13
0.14
0.46
–
–

− 1.69
− 4.36
4.57
− 1.82
−3.03
− 0.49
6.00
− 3.00
− 4.32
2.08
− 3.46
3.32
1.92
1.64
3.26
–
–

H = log (Hydrodynamism); Sa = Salinity; Sd = Share of sand in the sediment; B = log(Bathymetry + 1); C = Chlorophyll “a”; O = Dissolved oxygen.
Couples of variables indicate interaction between variables.
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starting from the full model which incorporates interactions among variables. Adequacy of the ordinary
regression model was checked by inspection of the
residuals. The presence of continuos covariates did not
allow a reliable lack-of-fit test for the logistic regression
(Hosmer et al., 1997). The logistic and ordinary regression models were then combined to estimate the
potential commercial yield of T. philippinarum in
the Sacca di Goro lagoon. Let Y(w) be the density of
T. philippinarum where w is the vector of the explanatory
variables and let Z(x) be the binary variable — equal to 1
when T. philippinarum is present and 0 when not —
where x is the vector of the explanatory variables. The
expected value of Y is given by:
EðY Þ ¼ PrðZ ¼ 1ÞEðY jZ ¼ 1Þ þ PrðZ ¼ 0ÞEðY jZ ¼ 0Þ;
¼ PrðZ ¼ 1ÞEðY jZ ¼ 1Þ;
¼ pl
As showed by Stefansson (1996) and Welsh et al.
(1996), the estimate of the expected density of
T. philippinarum is computed as follows:
̂ Þ ¼ pl
̂ ̂
EðY
where
̂
p ̂ ¼ PrðZ ¼ 1Þ ¼ expðxVbÞ=f1
þ expðx bÞg
V ̂
and
l ̂ ¼ EðY jZ ¼ 1Þ ¼ expðw Vh ̂ þ r2̂ =2Þ
are the estimates of π and μ computed from the two
regression models. Thus, β̂ is the vector of the estimates
of the coefficients in the logistic regression, θ̂ is the

1287

vector of the estimates of the coefficient in the ordinary
regression and σ̂2 is the residual mean square in the
ordinary regression model for the positive values, as
described by Crow and Shimizu (1988).
The conditional model was then validated on the
validation dataset.
3. Results
Results from the sampling surveys showed a maximum observed density of 6 kg m− 2, as already reported
by Rossi (1996) and Melià et al. (2004). As clams are
gathered in the same site approximately once a year, 6 kg
m− 2 year− 1 is assumed to be the maximum attainable
yield. Density samples of T. philippinarum were characterized by a large number of zero values (22% of total
observations), which justifies the use of a two-part
conditional model of clam yield potential to fit the data.
Thematic maps are shown in Fig. 3 for mean concentration of chlorophyll “a”, share of sand in the
sediment, bathymetry, hydrodynamism, salinity and dissolved oxygen. Biogeochemical and hydrodynamic
variables show little or no correlation to each other
(always Pearson's r b 0.3, Table 2). Table 3 shows the
parameter estimates for the logistic and ordinary regression models. Share of sand in the sediment, dissolved
oxygen and hydrodynamism were the only significant
parameters in the logistic part of the conditional model.
For the presence data, the selected model does not
include any interaction among the environmental parameters. Figs. 4 and 5 show estimates of probability of
presence and the expected clam yield potential of
T. philippinarum, respectively, as a function of the
environmental parameters included in the selected
models. The model has been validated on the validation
data set by estimating the variance in observed yield

Fig. 4. Estimates of probability of presence of T. philippinarum plotted against share of sand in the sediment (%), hydrodynamism (m s− 1) and dissolved
oxygen (% of saturation). Predictions are for an average site, that is, with the other environmental parameters values set at their means in the study area.
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Fig. 5. Estimates of expected abundance of clam yield potential against environmental parameters values. Predictions are for an average site, that is,
with the other environmental parameters values set at their means in the study area.

explained by the model (Fig. 6). As it can be noted in
Fig. 6, the conditional model provides a good prediction
of the observed yield, with a R2 equal to 0.87. The
conditional model was then applied to the whole Goro
lagoon to estimate the total annual productivity and to
identify areas of different potential commercial yield

within the lagoon (Fig. 7). The conditional model
provides an estimation of the potential commercial yield
of about 32,000 t year− 1 for the whole lagoon on a
suitable area of about 1400 ha, with an average
productivity of about 1.4 kg m− 2 year− 1.
4. Discussion
Our paper shows the application of a conditional
model for the estimation of commercial yield potential
of a patchily-distributed organism and for the identification of sites of different suitability within a coastal
lagoon where intensive farming is performed. Excess

Fig. 6. Linear regression in the form y = a + bx of yield predicted by the
conditional model on the observed yield in the validation data set
( p b 0.001, R2 = 0.84, a = 0.44 ± 0.25, b = 0.95 ± 0.07). Six predicted
and observed yields are equal to 0.

Fig. 7. Annual commercial yield of T. philippinarum in the Goro
lagoon (kg m− 2 year− 1) as estimated by the conditional model.
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true zeros are a result of ecological processes (Martin
et al., 2005) whose occurrence may be related to the
rarity of the species under study (Gaston, 1994) or being
the result of habitat conditions or, as in the case of
T. philippinarum, of the patchy aggregation of the
species. In our example, the magnitude of zero inflation
is substantial and therefore the choice of a modelling
approach not accounting for it can lead to an
overestimation of the variance and hence increase the
risk of type I error (Martin et al., 2005). Conditional
models for zero inflated data have been already used in
both an ecological context (Welsh et al., 1996) and
marine setting (Lo et al., 1992; Stefansson, 1992). In
particular, conditional models combining the binomial
distribution for the zero component of the data and the
log-normal distribution for the non-zero part (initially
defined as delta distribution, Aitchison and Brown,
1957) have been used to model mackerel egg counts
(Pennington, 1983), health statistics (Zhou and Tu,
2002), air contaminant levels (Tu, 2002), habitat
suitability of common sole Solea solea (Le Pape et al.,
2004). To our knowledge conditional models were never
applied to estimate the commercial yield of bivalves in
coastal lagoons.
In presence of multiple competing exploiters of a
renewable resource (bivalves, shrimps etc.) the adoption
of a transparent and objective methodology (i.e. based on
quantitative statistical methods) by the regulatory agency
is mandatory in order to reduce the perception of
subjective bias in the subdivision and assignment of the
harvestable areas. In our work, we have shown how the
application of a zero-inflated conditional model allows for
a rigorous and objective estimation of clam yield potential
in different areas within the lagoon, a basic step for
optimizing the harvesting activities where extensive clam
farming is performed. Moreover, the analysis here
presented allowed the assessment of the effects of a
number of biogeochemical and hydrodynamic factors on
the yield potential of T. philippinarum in the Sacca di
Goro lagoon. The prediction of the conditional model
fitted on the calibration data set provided a good
explanation of the observed yield in the evaluation data
set (Fig. 6). In our application of the conditional model to
the Goro lagoon, we chose a set of crucial biogeochemical
and hydrodynamic parameters fundamental in determining clam occurrence and abundance (Barillari et al., 1990;
Paesanti and Pellizzato, 2000; Vincenzi et al., 2006) and
which can be sampled at a fairly low cost. As can be noted
from Table 3, share of sand in the sediment, dissolved
oxygen and hydrodynamism play a major role in
determining the occurrence of T. philippinarum in the
Sacca di Goro lagoon. As shown in Fig. 4 optimal sites for
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clam farming are characterized by mean water currents in
the range 0.1–0.3 m s− 1; particularly in the case of the
dreaded anoxic crises, water currents allow for faster
water reoxygenation with respect to areas of still water,
where only diffusion processes occur through the water
column. As for sediment, analyses by Rossi (1996) and
Melià et al. (2004) show that rearing sites with sandy
sediments are more suitable for clam farming than sites
with silty bottoms in terms of juvenile settlement, growth
speed and maximum attainable size. As for other
biogeochemical and hydrodynamic parameters (i.e.
hydrodynamism, share of sand in the sediment, bathymetry, salinity and dissolved oxygen) the estimates of the
conditional model (Fig. 5) confirm the findings of
Barillari et al. (1990) and Paesanti and Pellizzato (2000)
on the optimal values of the main biogeochemical and
hydrodynamic parameters influencing clam growth and
survival in the Goro lagoon. As reported by Vincenzi
et al. (2006) and in Table 1, T. philippinarum requires
water salinity in the range 25–35‰ for optimal growth,
concentration of chlorophyll “a” up to 11 μg l− 1 and a
degree of dissolved oxygen saturation of more than 80%.
As for bathymetry, optimal sites for T. philippinarum are
located in water depths less than 2 m for easy harvesting
and because clams grow faster in shallow waters.
The commercial yield potential estimated by the
conditional model for the whole Goro lagoon (32,000 t)
is about twice as much that reported by the regulatory
agency and about 7000 t more than that estimated by the
Habitat Suitability model based on experts opinion applied to the Sacca di Goro lagoon by Vincenzi et al.
(2006). On the other hand, the amount of surface exploitable (i.e. where clam occurs) estimated by the conditional model (about 1400 ha), which is similar to that
estimated Vincenzi et al. (2006) (1345 ha), is 40% larger
than the present harvestable ground given in concession
to fishermen by the regulatory agency. As a consequence, the difference in harvestable ground is likely to
explain the difference between the potential yield estimated by our model and the actual yield reported by the
regulatory agency and reflects the conservative harvesting policy adopted in the Goro lagoon which limits the
harvesting activities to about one third of the whole
lagoon.
We are confident that the model here derived provides a fair representation of the suitability and yield
potential of different sites within the Goro lagoon.
Anyway, this does not imply that the maximum overall
yield predicted by the model might be sustainable in the
long run. In fact, dystrophic crises linked to macroalgal
blooms have been responsible of the decline in clam
production in recent years. Some authors (Bartoli et al.,
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2001, 2003; Melià et al., 2003) have argued that these
algal blooms are actually triggered by clam rearing
activities. Therefore, to sustain the clam fishery and
conserve the natural environment the regulation of exploitation activities must account for both the clam
production and ecological carrying capacities, as argued
by Nizzoli et al. (in press).
The approach here presented to identify areas of
different yield potential and to assess the commercial
yield potential of the whole Sacca di Goro lagoon can be
applied to other Adriatic lagoons where intensive commercial harvesting activities are performed in a natural or
semi-natural environment. Careful examination of the
underlying distribution of non-zero observations is necessary to avoid biases and large reduction in efficiency
(Myers and Pepin, 1990). As suggested by Fletcher et al.
(2005) other distribution could be used to model non-zero
skewed data, such as the gamma distribution (Stefansson,
1996), the truncated negative binomial or Poisson distribution (Welsh et al., 1996) or the Ades distribution (Perry
and Taylor, 1985). In order to adopt the same approach to
other lagoons and/or to other bivalve species of commercial interest, a rigorous statistical investigation is
mandatory to identify if other environmental parameters,
such as mean annual temperature, nutrients concentrations, mean length of day light etc., play a major role in
determining bivalve growth and survival and the suitability of different sites in the same farming environment.
We believe that the data-driven modelling approach
here presented significantly improves the estimation of
clam yield potential with respect to the qualitative approach based on expert opinion proposed by Vincenzi
et al. (2006). In fact, even if the degree of uncertainty
relative to the values of explanatory variables in the
lagoon and the results of the logistic and ordinary regressions remains non-trivial, the data-driven calibration
of model functions and parameters places the approach
in a more rigorous statistical and modelling framework.
Further studies will be carried out in order to examine
the relative importance of annual fluctuations in the mean
annual values of the biogeochemical and hydrodynamic
parameters in determining the observed inter-annual
variability of the commercial yield potential of the Sacca
di Goro lagoon and to determine if the inclusion of other
biogeochemical parameters could provide significantly
better predictions of the conditional model.
Acknowledgments
The authors thank three anonymous reviewers for
their helpful comments on an earlier version of the
manuscript.

References
Aitchison, J., Brown, J.A.C., 1957. The Lognormal Distribution.
Cambridge University Press, Cambridge, UK.
Akaike, H., 1974. A new look at the statistical model identification.
IEEE Transactions on Automatic Control 19, 716–723.
Barillari, A., Boldrin, A., Pellizzato, M., Turchetto, M., 1990. Condizioni
ambientali nell'allevamento di Tapes philippinarum. Tapes philippinarum biologia e sperimentazione. Regione Veneto, E.S.A.V,
pp. 183–195.
Bartoli, M., Nizzoli, D., Viaroli, P., Turolla, E., Castaldelli, G., Fano,
E.A., Rossi, R., 2001. Impact of Tapes philippinarum farming on
nutrient dynamics and benthic respiration in the Sacca di Goro.
Hydrobiologia 455, 203–212.
Bartoli, M., Naldi, M., Nizzoli, D., Roubaix, V., Viaroli, P., 2003.
Influence of clam farming on macroalgal growth: a microcosm
experiment. Chemistry and Ecology 19 (2–3), 147–160.
Brath, A., Gonella, M., Polo, P., Tondello, M., 2000. Analisi della
circolazione idrica nella Sacca di Goro mediante modello matematico. Studi Costieri 2000-2, 105–122.
Cellina, F., De Leo, G., Rizzoli, A.E., Viaroli, P., Bartoli, M., 2003.
Economic modelling as a tool to support macroalgal bloom management: a case study (Sacca di Goro, Po river delta). Oceanologica Acta 26, 139–147.
Crow, E.L., Shimizu, K. (Eds.), 1988. Lognormal Distributions:
Theory and Applications. Dekker, New York.
Fletcher, D., Mackenzie, D.I., Villouta, E., 2005. Modelling skewed
data with many zeros: a simple approach combining ordinary and
logistic regression. Environmental and Ecological Statistics 12,
45–54.
Gaston, K.J., 1994. Rarity. Chapman and Hall, London.
Hinde, J., Demetrio, C.G.B., 1998. Overdispersion: models and estimation. Computational Statistics & Data Analysis 27, 151–170.
Heilbron, D.C., 1994. Zero-altered and other regression models for
count data with added zeros. Biometrical Journal 36, 531–547.
Hosmer, D.W., Hosmer, T., le Cessie, S., Lemeshow, S., 1997. A comparison of goodness-of-fit tests for the logistic regression model.
Statistics in Medicine 16, 965–980.
Kunhert, P.M., Martin, T.G., Mengersen, K., Possingham, H.P., 2005.
Assessing the impacts of grazing levels on bird density in woodland habitat: a Bayesian approach using expert opinion. Environmetrics 16, 1–31.
Lambert, D., 1992. Zero-inflated Poisson regression with an application to defects in manufacturing. Technometrics 34, 1–14.
Le Pape, O., Guerault, D., Desaunay, Y., 2004. Effect of an invasive
mollusc, American slipper limpet Crepidula fornicata, on habitat
suitability for juvenile common sole Solea Solea in the Bay of
Biscay. Marine Ecology. Progress Series 277, 107–115.
Lo, N.C.H., Jacobson, L.D., Squire, J.L., 1992. Indices of relative
abundance from fish spotter data based on delta–lognormal models.
Canadian Journal of Fisheries and Aquatic Sciences 49, 2515–2526.
Myers, R.A., Pepin, P., 1990. The robustness of lognormal based
estimators of abundance. Biometrics 46, 1185–1192.
Martin, T.G., Wintle, B.A., Rhodes, J.R., Kunhert, P.M., Field, S.A.,
Low-Choy, S.J., Tyre, A.J., Possingham, H.P., 2005. Zero tolerance ecology: improving ecological inference by modelling the
source of zero observations. Ecology Letters 8, 1235–1246.
McCullagh, P., Nelder, J.A., 1989. Generalised Linear Models, 2nd
edn. Chapman and Hall, London.
Melià, P., Gatto, M., 2005. A stochastic bioeconomic model for
the management of clam farming. Ecological Modelling 184,
163–174.

S. Vincenzi et al. / Aquaculture 261 (2006) 1281–1291
Melià, P., Nizzoli, D., Bartoli, M., Naldi, M.C., Gatto, M., Viaroli, P.,
2003. Assessing the potential impact of clam rearing in dystrophic
lagoons: an integrated oxygen balance. Chemistry and Ecology 19,
129–146.
Melià, P., De Leo, G.A., Gatto, M., 2004. Density and temperaturedependence of vital rates in the Manila clam Tapes philippinarum:
a stochastic demographic model. Marine Ecology. Progress Series
272, 153–164.
Nizzoli, D., Bartoli, M., Viaroli, P., in press. Nitrogen and phosphorous
budgets during a farming cycle of the manila clam Tapes philippinarum: results from an in situ experiment. Aquaculture.
Paesanti, F., Pellizzato, M., 2000. Tapes Philippinarum. Veneto Agricoltura. 73 pp.
Pastres, R., Solidoro, C., Cossarini, G., Melaku Canu, D., Dejak, C.,
2001. Managing the rearing of Tapes philippinarum in the lagoon
of Venice: a decision support system. Ecological Modelling 138,
231–245.
Pellizzato, M., Da Ros, L., 2005. Clam farming quality as a management tool: a proposal based on recent studies in northern Adriatic
lagoons. Aquaculture International 13, 57–66.
Pennington, M., 1983. Efficient estimators of abundance, for fish and
plankton surveys. Biometrics 39, 281–286.
Perry, J.N., Taylor, L.R., 1985. Ades: new ecological families of
species-specific frequency distributions that describe repeated spatial samples with an intrinsic power-law variance–mean property.
Journal of Animal Ecology 54, 931–953.
Podlich, H.M., Faddy, M.J., Smyth, G.K., 2002. A general approach to
modeling and analysis of species abundance data with extra zeros.
Journal of Agricultural, Biological, and Environmental Statistics 7,
324–334.
Poortema, K., 1999. On modelling overdispersion of counts. Statistica
Neerlandica 53, 5–20.
Quinn, G.P., Keough, M.J., 2002. Experimental design and data analysis for biologists. Freshwater Biology 39, 623–635.
Rossi, R., 1989. Pesca e allevamento di vongola verace nella Sacca di
Goro. Mare Nostrum 3, 16–18.
Rossi, R., 1996. Allevamento di vongola verace filippina (Tapes
philippinarum):gestione della semina e del trasferimento in banco

1291

naturale per la ottimizzazione del raccolto. Ministero delle Politiche Agricole, III Piano Triennale.
Simeoni, U., Fontolan, G., Dal Cin, R., 2000. Dinamica sedimentaria
dell'area di Goro (Delta del Po). Studi Costieri 2000-2, 139–151.
Solidoro, C., Melaku Canu, D., Rossi, R., 2003. Ecological and
economic considerations on fishing and rearing of Tapes phillipinarum in the lagoon of Venice. Ecological Modelling 170,
303–318.
Stefansson, G., 1992. Notes on the stock-dynamics and assessments of
the Icelandic cod stock. ICES C.M., vol. 1992/G, p. 71.
Stefansson, G., 1996. Analysis of ground fish survey abundance data:
combining the GLM and delta approaches. ICES Journal of Marine
Science 53, 577–588.
Tabachnick, B.G., Fidell, L.S., 1996. Using Multivariate Statistics.
HarperCollins, New York.
Tu, W., 2002. Zero-inflated data. In: El-Shaarawi, A.H., Peiegorsch,
W.W. (Eds.), Encyclopedia on Envirometrics. John Wiley and
Sons, Chichester.
Tyre, A.J., Tenhumberg, B., Field, S.A., Niejalke, D., Paris, K., Possingam,
H.P., 2003. Improving precision and reducing bias in biological
surveys by estimating false negative error rates in presence–absence
data. Ecological Applications 13, 1790–1801.
Vincenzi, S., Caramori, G., Rossi, R., De Leo, G.A., 2006. A GISbased Habitat Suitability model for commercial yield estimation of
Tapes philippinarum in a Mediterranean coastal lagoon (Sacca di
Goro, Italy). Ecological Modelling 193, 90–104.
Welsh, A.H., Cunningham, R.B., Donnelly, C.F., Lindenmayer, D.B.,
1996. Modelling the abundance of rare species: statistical models
for counts with extra zeros. Ecological Modelling 88, 297–308.
Wintle, B.A., Kavanagh, R.P., McCarthy, M.A., Burgman, M.A., in
press. Estimating and dealing with detectability in occupancy
surveys for forest owls and arboreal marsupials. J. Wildl. Manage.
Zhou, X.-H., Tu, W., 2002. Confidence intervals for the mean of
diagnostic test charge data containing zeros. Biometrics 56,
1118–1125.

