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A B S T R A C T   

To evaluate the effect of stocking density on pre-fattening growth and survival, Manila clam seeds from three 
different batches (B1, B2, and B3) were farmed in plastic net lanterns at two sites (western and northern) in Sacca 
degli Scardovari (Italy). Different stocking densities were compared, i.e. EXTRA (50,000 clams m− 2), HIGH 
(30,000), and MEDIUM (20,000) for B1 and B2 clams; HIGH, MEDIUM, and LOW (10,000 clams m− 2) for B3 
clams. At the end of pre-fattening at the western site, the shell length decreased with increasing stocking density 
of both B1 (14.2 mm vs. 13.6 mm vs. 12.9 mm at HIGH vs. MEDIUM vs. EXTRA density; P < 0.001) and B2 (14.9 
mm vs. 13.6 mm vs. 12.5 mm at MEDIUM vs. HIGH vs. EXTRA density; P < 0.001) clams. At the northern site, 
the shell length decreased in the following manner: MEDIUM to HIGH to EXTRA density for B1 clams (P < 0.001) 
and MEDIUM to EXTRA to HIGH density for B2 clams (P < 0.001). The same trend was recorded for B3 clams at 
both western (16.1 mm vs. 14.3 mm vs. 12.7 mm at LOW vs. MEDIUM vs. HIGH density; P < 0.001) and northern 
(15.6 mm vs. 13.9 mm vs. 13.2 mm; P < 0.001) sites. The stocking density did not affect the survival rate at the 
northern site and of the B3 clams, whereas the survival rate significantly decreased from MEDIUM and HIGH to 
EXTRA density for B1 (84.8 % and 85.4 % vs. 52.8 %; P < 0.05) and B2 (92.5 % and 87.6 % vs. 67.0 %; P < 0.01) 
clams at the western site where pre-fattening ended one week later than at the northern site. In the present 
conditions, clams in suspended lanterns reached the minimum sowing size (shell length 11 mm, weight 0.3 g) in 
10 weeks. However, an increase in stocking density decreased clam growth and drastically increased mortality 
when water conditions became less favourable.   

1. Introduction 

Shellfish farming is the second main aquaculture practice in the 
world, and it accounted for 20 % of the global aquaculture production in 
2017 (FAO, 2020). Manila clam (Ruditapes philippinarum [Adams & 
Reeve, 1850]) cultivation accounts for 20 % of the global shell market 
value, with an annual harvest of 17 million tonnes. Italy is the second 
largest producer of Manila clams worldwide, and the leading producer 
in Europe, accounting for 95 % of the total European yield, with an 
annual clam production of 33,500 tonnes. Most Italian clam farming 
sites are located in the highly productive coastal lagoons of the Northern 

Adriatic Sea, such as Sacca degli Scardovari (Rovigo, Italy). These en-
vironments provide optimal conditions for clam growth and reproduc-
tion, which led to their spontaneous, rapid, and extensive spread in the 
1990s (Pellizzato, 1990; Pellizzato and Da Ros, 2005). In 2019, Manila 
clam production in the Po Delta lagoons (including Sacca degli Scar-
dovari) of the Veneto Region reached 10,643 tonnes (Veneto Agri-
coltura, 2020). 

However, poor management of clam resources in the past few de-
cades has resulted in uncontrolled harvesting and overfishing, which has 
led to a drastic decline in clam and seed availability in particular (Pel-
lizzato and Da Ros, 2005; Ponti et al., 2017). Although clam seeds in 
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North Italian lagoons have always been sourced primarily (95 %) from 
the wild (Turolla, 2008), the declining natural seed stocks have led to 
increasing use of hatchery-produced seeds (Parisi et al., 2012), as 
already witnessed for R. philippinarum in Spain (Cordero et al., 2017; 
Ramón et al., 2005; Royo et al., 2005a, 2005b) and Portugal (Cordero 
et al., 2017) and other bivalve species, including Ruditapes decussatus 
(Jara-Jara et al., 1997), Venerupis corrugata (Cigarría and Fernández, 
2000), and Mercenaria mercenaria (Castagna, 2001; Whetstone et al., 
2005). 

Hatchery-produced Manila clam seeds (average size 2.0–3.5 mm) 
require a pre-fattening phase to attain the minimum sowing shell length 
(SL) of 10–18 mm (Claus et al., 1983; Dethier et al., 2019a), to minimize 
subsequent losses during the fattening phase owing to environmental 
factors (i.e. sea currents) and predation by other organisms, such as 
crabs (Carcinus maenas and Carcinus aestuarii) and fish (Sparus aurata) 
(Dethier et al., 2019a; Munroe and McKinley, 2007; Palazzi, 2015). 

In Italy, the pre-fattening of Manila clams is generally managed by 
local farmers, without any technical knowledge or standardized 
methods (Boscolo Brusà et al., 2011; Palazzi, 2015). Limited scientific 
information is available; few preliminary studies comparing different 
clam culture techniques (i.e. floating systems, suspended poches, sus-
pended net lanterns, seabed covered by plastic net) have identified 
suspended lanterns as an efficient strategy (Boscolo Brusà et al., 2003; 
Palazzi, 2015). However, these results were obtained on few experi-
mental units (as lanterns and/or individual clams) in the Venice Lagoon 
for pre-fattening (Palazzi, 2015) and fattening (Boscolo Brusà et al., 
2003). On the other hand, information about clam growth ad survival 
during pre-fattening in the area of the Po River Delta, highly specialized 
in clam production, is missing. These data would be necessary to stan-
dardize the farming technique, with special reference to optimal stock-
ing time, stocking density, and pre-fattening duration, in view of the 
maximization of productive and economic results in terms of quantity of 
sowable seeds and ratio with respect to stocked hatchery-produced seed. 

Thus, we evaluated the effects of different stocking densities on the 
growth and survival of Manila clams cultured in suspended net lanterns 
at two farming sites in Sacca degli Scardovari during the pre-fattening 
phase. Largely different stocking densities (from 10,000–50,000 clams 
m− 2) in three batches of Manila clams stocked in the lagoon at three 
different times (during March and April) were evaluated under field 
conditions and using a high number of experimental units (115 sus-
pended lanterns). Our general aim was to standardize the clam culture 
techniques under the conditions prevalent at one of the most productive 
Italian lagoons. 

2. Materials and methods 

2.1. Study area 

The study was conducted in Sacca degli Scardovari (44◦51′N, 
12◦24′E; Porto Tolle, Rovigo, Italy), which is a large lagoon situated 
between two terminal branches (Gnocca and Tolle) of the Po River, in 
the southern part of its delta (Fig. 1). The lagoon occupies an area of 32 
km2, with an average depth of 1.5 m (Mistri et al., 2018). A wide mouth 
protected by partially submerged sand banks connects the bay to the sea 
(Munari et al., 2013). Tidal ranges are relatively small (yearly maximum 
range of ~1 m at spring tide), and the bottom of the bay is permanently 
covered with water (Munari et al., 2013). 

Nutrient-rich agricultural run-offs flow into the northern part of the 
lagoon, whereas the southern part is influenced by exchanges with 
seawater and hosts several shellfish farms (mainly clams and mussels). 
Eutrophication causes seasonal blooms of opportunistic macroalgae in 
the most sheltered areas in late spring and summer (Natali and Bian-
chini, 2018). 

2.2. Clam seeds and rearing system 

A total of 241 kg of Manila clam seeds (SL 3.0 mm, weight 0.04 g) 
were purchased from a commercial French hatchery (Novostrea Bre-
tagne, Sarzeaualle, France) and transported to Sacca degli Scardovari, in 
March-April 2018. Three different batches of seeds (B1, B2, and B3) 
were delivered at different times (Table 1). Once received, seeds from all 
batches were distributed inside the experimental lanterns (115 in total). 
Each lantern consisted of 10 storeys (surface area 0.2 m2/storey, cor-
responding to 2.0 m2 per lantern; total lantern length 150 cm), raschel 
net mesh of 2.0 mm × 3.0 mm, steel ring of 50 cm diameter, with a 
galvanized cross-bar and anticorrosion coating. 

2.3. Experimental arrangement 

Two different farming sites were identified (Fig. 1), i.e. the western 
site in the south-western part of the lagoon, characterized by the greatest 
hydrodynamism, and the northern site in the northern-most part of the 
basin, situated in a region with a weak hydraulic regime. A “pergola” for 
mussel farming was used at both sites, consisting of rows of beams 
spaced 2 m apart on which the lanterns were hung at a distance of 1 m. 
The depth was approximately 2.5 m at both sites. 

Seeds were distributed on the lantern storeys at four different 
stocking densities, i.e. 50,000 clams m− 2 (EXTRA), 30,000 clams m− 2 

(HIGH), 20,000 clams m− 2 (MEDIUM), and 10,000 clams m− 2 (LOW). 
The stocking density was EXTRA, HIGH, and MEDIUM in lanterns with 
batches B1 and B2, and HIGH, MEDIUM, and LOW in lanterns with batch 
B3. The numbers of lanterns at each site and their stocking density are 
summarized in Table 2. Clams at the northern site were collected a week 
earlier than those at the western site (18 June vs. 22 June), as required 
by the farmer. Thus, the pre-fattening duration varied depending on the 
batch and experimental site, i.e. pre-fattening lasted for 14–15 weeks for 
batch B1, 12–13 weeks for batch B2, and 10–11 weeks for batch B3. 

2.4. Water sampling 

The water quality was monitored approximately every two weeks 
during the experiment, depending on the weather conditions, with a 
total of 10 sampling events. Water temperature (◦C), dissolved oxygen 
(ppm, saturation %), total dissolved solids (ppm), and salinity (‰) were 
assessed using a portable multiparameter probe (HI 9829, Hanna In-
struments, Padova, Italy). Chlorophyll was evaluated using a fluores-
cence detector (HHLD Fluorescence-Chlorophyll, Turner Designs, USA). 
Data were recorded between 09:00 and 11:30 A.M. at three different 
locations and depths (0.50 m, 1.20 m, and 1.90 m) at each farming site 
and then registered as average values. 

2.5. Collection of clam biometric data 

Clam biometric traits (weight, SL, width, and thickness) were 
measured using a digital calliper (precision 0.001 mm). At the end of the 
pre-fattening period, clam weight, length, width, thickness, and survival 
were measured for all batches, using a sample of 60 clams per lantern, 
collected after emptying each lantern and mixing all specimens in a 
single plastic box. The shell strength of clams from the northern site (10 
clams per lantern) was determined using a texture analyser (TA.XTplus, 
Stable Micro Systems, Godalming, UK), with a compression platen of 3 
cm × 4 cm and test speed of 0.5 mm/sec. The collected data were 
elaborated using the TEXT EXPONENT 32 software (Stable Micro 
Systems). 

The biometric traits and survival rate of B3 specimens were also 
assessed at 4 and 8 weeks of the pre-fattening period, using clams from 
the storeys at 0.50 m, 1.00 m, and 1.50 m depth (60 g of clams per 
storey). 
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Fig. 1. Geographical location of Sacca degli Scardovari (red star) and of the two experimental sites (yellow stars; N: northern site; W: western site). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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2.6. Sowable clams 

The number of sowable clams per site, batch, and stocking density 
was calculated as the number of individuals suitable for sowing obtained 
per m2 of the lantern after pre-fattening, using the following formula, 
modified from Palazzi (2015): 

Sc = d0 ∗ (1 − m) ∗ fs  

where 
Sc= number of sowable clams produced in a given period (i.e. weeks 

of pre-fattening) 
d0 = initial stocking density (clams m− 2) 
m = measured mortality for each lantern (%) 
fs = fraction of clams that reached the minimum sowing length (% of 

total clams) 
The estimated minimum sowing length (11.2 mm) was calculated 

based on the minimum sowing weight of 0.3 g, using weight-length 
regression equations calculated from B3 data (Claus et al., 1983; Deth-
ier et al., 2019a; Palazzi, 2015). The estimated optimal sowing length 
(13.7 mm) was calculated based on an optimal sowing weight of 0.5 g 
(Claus et al., 1983; Dethier et al., 2019a; Palazzi, 2015). Then, the 
percentage of clams that reached the minimum and optimal lengths for 
sowing (fs) was determined for each site, batch, and stocking density. 

2.7. Statistical analyses 

Regression analyses between clam biometric traits (weight, SL, 
thickness, and width) were performed using Microsoft Excel 2018 
(Microsoft Corporation, 2018). Clam traits were subjected to analysis of 
variance, using the PROC MIXED procedure in SAS (SAS Institute Inc., 
2013), with stocking density as the main factor of variability and lantern 
as a random effect. The data collected from the two farming sites were 
analysed separately due to the different pre-fattening periods, which 
ended a week earlier at the northern site. Clam survival was analysed 
using the PROC GLIMMIX procedure of SAS, with stocking density as the 
main effect. The Bonferroni t-test was used to compare the least squares 

means among the experimental groups. Differences were considered 
statistically significant at P≤0.05. 

3. Results 

3.1. Water quality 

The water temperature varied according to the season, with mini-
mum and maximum temperatures of 18.7 ◦C in late April and 27.2 ◦C in 
June, respectively, at both sites (Fig. 2). The dissolved oxygen content 
ranged from 3.6 ppm to 8.2 ppm, with higher values in April than in May 
and June, and it exhibited a sharp decrease when the water temperature 
increased in June. A similar trend was observed for oxygen saturation 
(%). The salinity varied during the experimental period, depending on 
the weather conditions and freshwater inflow from the terminal 
branches of the Po River, where the bay is located (ARPAV, 2019). The 
average salinity was 23‰, with a peak recorded during the first week of 
May (28‰, average of the two sites), followed by low values in late May 
and early June, consistent with the patterns observed in the lagoon 
(ARPAV, 2019). The amount of total dissolved solids ranged from a 
maximum of 22.9 ppm to a minimum of 16.0 ppm. 

3.2. Correlations between clam biometric traits 

Regression analyses (second-degree polynomials) between the bio-
metric traits (SL, width, and thickness) and the weight of B3 clams at the 
two sites at 4, 8, and 10–11 weeks of pre-fattening yielded high deter-
mination coefficients (R2>0.93) (Table 3). This was also observed for 
regressions between SL or shell width and thickness. 

3.3. Clam development and survival during the pre-fattening period 

Both B1 and B2 clams presented an average weight of 0.043 g at the 
beginning of the trial. 

At the northern site, the SL decreased with increasing stocking 
density for both B1 clams after 14 weeks of pre-fattening (14.0 mm vs. 
13.4 mm vs. 12.0 mm at MEDIUM vs. HIGH vs. EXTRA density, 
respectively; P < 0.001) and B2 clams after 12 weeks of pre-fattening 
(14.6 mm vs. 12.7 mm vs. 13.1 mm at MEDIUM vs. HIGH vs. EXTRA 
density; P < 0.001). In contrast, the survival rate was not affected by the 
stocking density (on average 96.2 % and 96.1 % for B1 and B2, 
respectively). The shell strength of B1 clams remained unaltered (32.9 
N, on average), whereas it decreased when the stocking density of batch 
B2 increased from MEDIUM to HIGH (35.9 N vs. 28.1 N, respectively; P 
< 0.01), with intermediate values recorded in EXTRA density lanterns 
(32.3 N) (Table 4). 

At the western site, clams were collected one week later than at the 
northern site which implied 15 and 13 weeks of pre-fattening for B1 and 
B2 clams respectively. The SL of B1 clams was the highest in HIGH 
density lanterns, followed by the MEDIUM and EXTRA density lanterns 
(14.2 mm vs. 13.6 mm vs. 12.9 mm, respectively; P < 0.001) (Table 4). 
The SL of B2 clams was the highest in MEDIUM density lanterns, fol-
lowed by HIGH and EXTRA density lanterns (14.9 mm vs. 13.6 mm vs. 
12.5 mm, respectively; P < 0.001). Furthermore, the survival rate 
decreased when the stocking density increased from MEDIUM and HIGH 
to EXTRA, for both B1 (84.8 % and 85.4 % vs. 52.8 %, respectively; P <
0.05) and B2 (92.5 % and 87.6 % vs. 67.0 %, respectively; P < 0.01) 
clams (Table 5). 

The average weight of B3 clams was recorded as 0.045 g at the 
beginning of the pre-fattening period. Clam biometric variables (weight, 
thickness, width, and length) then decreased with increasing stocking 
density at both sites, for both 4 and 8-week samples (Tables 6 and 7). 
This trend was confirmed at the end of the pre-fattening period at the 
northern (SL: 15.6 mm vs. 13.9 mm vs. 13.2 mm, respectively; P <
0.001) and western (SL: 16.1 mm vs. 14.3 mm vs. 12.7 mm at LOW vs. 
MEDIUM vs. HIGH density, respectively; P < 0.001) sites. The shell 

Table 1 
The three batches and clam traits per batch at their arrival in Sacca degli 
Scardovari.  

Batch Arrival 
date 

Batch weight 
(kg) 

Total clams 
(n) 

Clams/ 
kg 

Clam weight 
(g) 

B1 15/03/ 
2018 

49.8 1,050,000 21,234 0.047 

B2 29/03/ 
2018 

78.5 1,823,000 23,000 0.043 

B3 13/04/ 
2018 

113.1 2,656,708 22,124 0.043  

Table 2 
Number of lanterns (10 storeys, 0.2 m2/storey) with different stocking densities 
(EXTRA: 50,000 clams m− 2; HIGH: 30,000 clams m− 2; MEDIUM: 20,000 clams 
m− 2; LOW: 10,000 clams m− 2) at each experimental site (northern and western).  

Batch Number of lanterns per stocking density  

Northern site Western site 

B1 
2 EXTRA 2 EXTRA 
4 HIGH 4 HIGH 
4 MEDIUM 4 MEDIUM 

B2 
2 EXTRA 2 EXTRA 
8 HIGH 8 HIGH 
4 MEDIUM 8 MEDIUM 

B3 
7 HIGH 14 HIGH 
7 MEDIUM 14 MEDIUM 
7 LOW 14 LOW 

Total lanterns 45 70  
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strength also decreased with increasing stocking density (41.2 N vs. 35.7 
N vs. 29.7 N, respectively; P < 0.01) (Table 6). No mortalities were 
recorded at 4 and 8 weeks at any of the sites; however, at the end of pre- 
fattening, the survival rates averaged 98.1 % and 94.7 % at the northern 
and western sites, respectively, without any differences among the 
stocking densities (Tables 6 and 7). 

3.4. Sowable clams 

The percentages of sowable clams (% total clams) were calculated for 
the minimum (SL: 11.2 mm) and optimal (SL: 13.7 mm) sowing size for 
each site, batch, and stocking density. 

At the northern site, the percentage of sowable clams with the 
minimum size increased with decreasing stocking density from EXTRA 
to HIGH to MEDIUM for B1 (64.2 % vs. 67.2 % vs. 86.6 %, respectively), 
B2 (49.6 % vs. 73.4 % vs. 79.7 %, respectively), and from HIGH to 
MEDIUM to LOW for B3 (74.4 % vs. 86.9 % vs. 94.5 %, respectively) 
clams (Table 8). A similar pattern was observed at the western site, 
where the percentage of sowable clams increased with decreasing 
stocking density of B1 (40.1 % vs. 74.0 % vs. 78.1 % of total clams, 
respectively) and B2 (53.6 % vs. 75.1 % vs. 89.0 %, respectively) and of 
B3 (68.6 % vs. 91.1 % vs. 99.0 %, respectively) clams (Table 8). 

4. Discussion 

A supply of juvenile Manila clams from industrial hatcheries may 
support the Italian clam sector, assuring a constant supply of seed, in 
terms of quantity, hygiene and sanitary quality, and size uniformity 
(Boscolo Brusà et al., 2011; Palazzi, 2015). However, hatcheries usually 
provide small-sized seeds (<3.5 mm) (Claus et al., 1983; Marshall and 
Dunham, 2013; Zhang and Yan, 2006), which require a pre-fattening 
phase to attain a sowing SL of 8–15 mm (Dethier et al., 2019a; 
Palazzi, 2015), to improve survival and seed growth during the subse-
quent grow-out phase (Cigarría and Fernández, 1998, 2000; Epelbaum 
et al., 2011). 

During the fattening phase, clams are usually farmed on the seabed, 
as they are a burrowing species inhabiting sandy or muddy substrates 
(Boscolo et al., 2003). Nevertheless, suspended cultures efficiently uti-
lize resources through the use of a three-dimensional space in the water 
column, and allow for efficient harvesting and reduced ecological 
footprint (Dunham and Marshall, 2012; Marshall and Dunham, 2013). 
Furthermore, suspended systems have been shown to improve clam 
body conditions (Boscolo et al., 2003; Hasegawa et al., 2015; Marshall 
and Dunham, 2013), increase clam survival, and accelerate growth 
(Boscolo et al., 2003; Hasegawa et al., 2015; Marshall and Dunham, 

Fig. 2. Physical and chemical characteristics of water recorded at the western and northern sites in which clams were farmed in Sacca degli Scardovari during the 
study from mid-April to late-June (measurements taken between 9:00 and 11:30 A.M.). 
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2013; Ramón et al., 2005). 
Different types of suspended systems have been described in litera-

ture, including trays or cages suspended from rafts or longlines 
(Marshall and Dunham, 2013), nylon bags (Chessa et al., 2005), Teflon 
tubes (Dethier et al., 2019a), poches, and floating up-welling systems 
(FLUPSY) (Boscolo Brusà et al., 2011). In North Italian lagoons, sus-
pended lanterns, such as those used in the present study, or FLUPSY are 
the recommended pre-fattening systems for small seeds (initial SL 2–3 
mm), whereas nets, poches (on the seabed or in suspension), and boxes 
are recommended for larger seeds (initial SL 8–10 mm) (Boscolo Brusà 
et al., 2011). 

The choice of the pre-fattening system depends on the biological 
characteristics of the species, with the final goal of maximizing the yield 
per unit space, time, and capital investment (Epelbaum et al., 2011). 
Stocking density is a key factor affecting the survival and growth of clam 
seeds during development (Zhang and Yan, 2006). In the present study, 
the clam weight and length decreased with increasing stocking density 
after 4 and 8 weeks of pre-fattening in batch B3 and at the end of the 
pre-fattening period in all batches when the lowest densities were 
compared to the highest densities. Nevertheless, in B1 and B2 batches in 

Table 3 
Regression equations and coefficients of determination (between parentheses) 
related to relationships between biometric measurements (clam weight; shell 
length, thickness and width) in batch B3 at the northern and western sites for 
clams sampled at 4, 8, and 10 weeks of pre-fattening.  

Northern 
site 

Weight Length Thickness Width 

Weight – y =
0.0006x2.5673 

(0.95) 

y =
0.0054x2.6104 

(0.93) 

y =
0.0006x2.9346 

(0.94) 
Length  – y = 0.4841x0.914 

(0.91) 
y =
1.0334x0.8493 

(0.95) 
Thickness   – y = 0.4945x1.07 

(0.91) 
Width    –  

Western 
site 

Weight Length Thickness Width 

Weight – y =
0.0005x2.6495 

(0.97) 

y =
0.0058x2.5665 

(0.96) 

y = 0.0008x2.821 

(0.96) 

Length  – y =
0.4257x0.9904 

(0.93) 

y = 0.890 x0.9123 

(0.95) 

Thickness   – y =
0.5103x1.0597 

(0.93) 
Width    –  

Table 4 
Effect of stocking density (MEDIUM: 20,000 clams m− 2; HIGH: 30,000 clams 
m− 2; EXTRA: 50,000 clams m-2) on the biometrics, survival, and shell strength of 
clams farmed at the northern site in suspended lanterns (10 storeys, 0.2 m2/ 
storey). Data correspond to batches B1 and B2 and were collected at the end of 
the pre-fattening period (14 weeks for B1 and 12 weeks for B2). Values are 
expressed as LS means ± standard error.   

Stocking density P-value  

MEDIUM HIGH EXTRA  

Batch B1     
Clams, n 400 319 159  
Weight, g 0.561b ± 0.016 0.524b ±

0.016 
0.382a ±

0.020 
<0.001 

Thickness, mm 5.82c ± 0.06 5.59b ± 0.07 4.95a ± 0.09 <0.001 
Width, mm 9.91b ± 0.09 9.61b ± 0.10 8.56a ± 0.15 <0.001 
Length, mm 14.0c ± 0.15 13.4b ± 0.16 12.0a ± 0.24 <0.001 
Survival, % 96.6 ± 0.75 98.2 ± 0.68 93.8 ± 1.59 0.073 
Shell strength, N 33.4 ± 1.73 36.4 ± 1.51 29.0 ± 2.57 0.056  

Batch B2     
Clams, n 320 520 160  
Weight, g 0.621b ± 0.017 0.450a ±

0.011 
0.497a ±

0.024 
<0.001 

Thickness, mm 5.95c ± 0.07 5.29a ± 0.05 5.57b ± 0.10 <0.001 
Width, mm 10.1b ± 0.09 9.14a ± 0.07 9.48a ± 0.14 <0.001 
Length, mm 14.6b ± 0.15 12.7a ± 0.12 13.1a ± 0.24 <0.001 
Survival, % 97.4 ± 1.50 95.4 ± 1.58 95.4 ± 3.64 0.636 
Shell strength, N 35.9b ± 1.49 28.1a ± 1.48 32.3ab ± 2.29 <0.01  

Table 5 
Effect of stocking density (MEDIUM: 20,000 clams m− 2; HIGH: 30,000 clams 
m− 2; EXTRA: 50,000 clams m− 2) on the biometrics and survival of clams farmed 
at the western site in suspended lanterns (10 storeys, 0.2 m2/storey). Data 
correspond to batches B1 and B2 and were collected at the end of the pre- 
fattening period (15 weeks for B1 and 13 weeks for B2). Values are expressed 
as LS means ± standard error.   

Stocking density P-value  

MEDIUM HIGH EXTRA  

Batch B1     
Clams, n 240 240 120  
Weight, g 0.561b ± 0.017 0.624c ± 0.019 0.476a ± 0.022 <0.001 
Thickness, mm 5.69a ± 0.07 6.10b ± 0.08 5.90ab ± 0.12 <0.001 
Width, mm 9.69b ± 0.09 10.1c ± 0.11 9.25a ± 0.14 <0.001 
Length, mm 13.6b ± 0.15 14.2c ± 0.17 12.9a ± 0.23 <0.001 
Survival, % 84.8b ± 4.94 85.4b ± 4.83 52.8a ± 10.2 <0.05  

Batch B2     
Clams, n 480 480 120  
Weight, g 0.702c ± 0.014 0.546b ± 0.012 0.424a ± 0.017 <0.001 
Thickness, mm 6.28c ± 0.05 5.75b ± 0.05 5.31a ± 0.08 <0.001 
Width, mm 10.4c ± 0.08 9.68b ± 0.07 9.03a ± 0.12 <0.001 
Length, mm 14.9c ± 0.12 13.6b ± 0.11 12.5a ± 0.19 <0.001 
Survival, % 92.5b ± 9.25 87.6b ± 2.61 67.0a ± 7.69 <0.01  

Table 6 
Effect of stocking density (LOW: 10,000 clams m− 2; MEDIUM: 20,000 clams 
m− 2; HIGH: 30,000 clams m− 2) on the biometrics, survival, and shell strength of 
clams farmed at the northern site in suspended lanterns (10 storeys, 0.2 m2/ 
storey). Data correspond to batch B3 and were collected at different intervals 
during the pre-fattening period (at 4, 8, and 10 weeks of pre-fattening). Values 
are expressed as LS means ± standard error.   

Stocking density P-value  

LOW MEDIUM HIGH  

4 weeks     
Clams, n 630 630 630  
Weight, g 0.239c ±

0.002 
0.211b ±

0.002 
0.187a ±

0.002 
<0.001 

Thickness, mm 4.37c ± 0.02 4.17b ± 0.02 3.93a ± 0.02 <0.001 
Width, mm 7.60c ± 0.03 7.35b ± 0.03 6.98a ± 0.03 <0.001 
Length, mm 10.6c ± 0.04 10.1b ± 0.04 9.48a ± 0.04 <0.001  

8 weeks     
Clams, n 420 570 627  
Weight, g 0.690c ±

0.010 
0.482b ±

0.008 
0.390a ±

0.008 
<0.001 

Thickness, mm 6.24c ± 0.04 5.36b ± 0.04 5.00a ± 0.04 <0.001 
Width, mm 10.6c ± 0.06 9.34b ± 0.05 8.74a ± 0.06 <0.001 
Length, mm 15.6c ± 0.09 13.4b ± 0.09 12.4a ± 0.10 <0.001  

Harvest (10 
weeks)     

Clams, n 395 640 640  
Weight, g 0.747c ±

0.015 
0.548b ±

0.009 
0.474a ±

0.009 
<0.001 

Thickness, mm 6.35c ± 0.05 5.61b ± 0.04 5.42a ± 0.04 <0.001 
Width, mm 10.8c ± 0.06 9.66b ± 0.06 9.18a ± 0.06 <0.001 
Length, mm 15.6c ± 0.12 13.9b ± 0.10 13.2a ± 0.10 <0.001 
Survival, % 97.7 ± 0.52 98.4 ± 0.47 98.3 ± 0.40 0.489 
Shell strength, N 41.2c ± 1.38 35.7b ± 1.47 29.7a ± 1.07 <0.001  
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the two sites, clams kept at the intermediate stocking density (i.e. HIGH) 
were sometimes similar to those kept at the lowest stocking density (i.e. 
MEDIUM), other times similar to those kept at the highest stocking 
density (i.e. EXTRA). Possibly, water conditions at the start of 
pre-fattening affected the adaptation stress of clams when transferred in 
the lagoon from the hatchery, thus increasing the individual variability 
in growth response in these batches. Differences in water quality, with 
special reference to temperature, between the hatchery and the lagoon 
were likely higher for B1 and B2 batches compared to B3 clams. In fact, 
during the first week after the arrival of clams, water temperature 
averaged at 9.78 ± 0.30 ◦C (min 8.02 ◦C, max 10.8 ◦C) in the northern 
site and 8.77 ± 0.39 ◦C (min 7.82 ◦C, max 9.23 ◦C) in the western site for 
batch B1; 13.0 ± 0.31 ◦C (min 12.1 ◦C, max 13.9 ◦C) in the northern site 
and 11.2 ± 0.80 ◦C (min 10.4 ◦C, max 12.4 ◦C) in the western site for 
batch B2; whereas water temperature was 18.4 ± 0.29 ◦C (min 16.7 ◦C, 
max 20.9 ◦C) in the northern site and 16.6 ± 0.76 ◦C (min 14.6 ◦C, max 
19.2 ◦C) in the western site for batch B3. These data are averages of 24-h 
recordings every 30 min collected by ARPAV (2018) in Sacca degli 
Scardovari by its probes located in the proximity of the farming sites. 

Similar decrease in clam size were observed for Manila clam D-larvae 
stocked at 5, 10, 15, and 20 larvae mL− 1 (Yan et al., 2006) and juveniles 
(initial SL 8–9 mm, final SL 13 mm) farmed in suspended plastic trays for 
4 months and stocked at 3,019, 9,057, and 15,094 clams m-2 (Marshall 
and Dunhan, 2013) or in poches at approximately 6,600, 13,300, and 19, 
900 individuals m-2 for 3 months (Boscolo Brusà et al., 2011). High 
stocking density has been shown to negatively affect shell length and 
weight in other clam species, such as basket cockles (Clinocardium nut-
tallii) (initial SL 2.9 mm, initial weight 49 mg) farmed on the seabed over 
a 4-week period at 6060 and 11,800 individuals m-2 (Epelbaum et al., 
2011) and razor clams (Ensis arcuatus) (initial SL 8 mm) farmed in sus-
pended plastic bottles and PVC cylinders at 10,000 and 20,000 in-
dividuals m-2 for 85 days (da Costa et al., 2015). Growth and survival 
might decline with increasing stocking density, primarily due to 
competition for resources such as space or food (Beal and Kraus, 2002; 

Cigarría and Fernandez, 1998; Epelbaum et al., 2011) and direct contact 
between individuals, which might lead to shell damage and feeding 
inhibition (Dunham and Marshall, 2012; Holliday et al., 1991). 

The shell strength of juvenile Manila clams (SL < 14 mm) in the 
present study was consistent with that reported for other marine and 
freshwater bivalve species with SL < 50 mm (1–88 N) (reviewed in 
Vasconcelos et al., 2011), and smaller clams from lanterns with high 
stocking density presented lower shell strength. In general, clam size is 
related to its shell strength (Grefsrud and Strand, 2006; Mu et al., 2018; 
Vasconcelos et al., 2011), which is important for reducing the risk of 
predation by crustaceans, fish, and birds (Vasconcelos et al., 2011) and 
susceptibility to shell breakage during harvesting operations (Gaspar 
et al., 2002). 

With regard to survival, no mortality was recorded in the sampled 
clams up to 8 weeks of pre-fattening. At the end of pre-fattening, no 
differences were detected among clams farmed at the northern site. In 
contrast, B1 and B2 clams farmed at the western site at the highest 
stocking density (i.e. 50,000 individuals m− 2) presented lower survival 
rates than those at other stocking densities (30,000 and 20,000 in-
dividuals m− 2) at the end of the experiment (average survival rate 52.8 

Table 7 
Effect of stocking density (LOW: 10,000 clams m− 2; MEDIUM: 20,000 clams 
m− 2; HIGH: 30,000 clams m− 2) on the biometrics and survival of clams farmed 
at the western site in suspended lanterns (10 storeys, 0.2 m2/storey). Data 
correspond to batch B3 and were collected at different intervals during the pre- 
fattening period (at 4, 8, and 11 weeks of pre-fattening). Values are expressed as 
LS means ± standard error.   

Stocking density P-value  

LOW MEDIUM HIGH  

4 weeks     
Clams, n 420 420 420  
Weight, g 0.215c ±

0.003 
0.173b ±

0.003 
0.140a ±

0.002 
<0.001 

Thickness, mm 4.13c ± 0.02 3.76b ± 0.02 3.52a ± 0.02 <0.001 
Width, mm 7.17c ± 0.04 6.61b ± 0.04 6.14a ± 0.04 <0.001 
Length, mm 9.90c ± 0.05 9.11b ± 0.06 8.39a ± 0.06 <0.001  

8 weeks     
Clams, n 420 420 420  
Weight, g 0.579c ±

0.011 
0.402b ±

0.008 
0.302a ±

0.007 
<0.001 

Thickness, mm 5.79c ± 0.05 5.06b ± 0.04 4.52a ± 0.04 <0.001 
Width, mm 9.89c ± 0.07 8.73b ± 0.06 7.87a ± 0.07 <0.001 
Length, mm 14.2c ± 0.11 12.4b ± 0.10 11.0a ± 0.11 <0.001  

Harvest (11 
weeks)     

Clams, n 360 420 420  
Weight, g 0.874c ±

0.017 
0.622b ±

0.012 
0.448a ±

0.010 
<0.001 

Thickness, mm 6.89c ± 0.06 6.10b ± 0.05 5.32a ± 0.05 <0.001 
Width, mm 11.5c ± 0.07 10.2b ± 0.08 9.23a ± 0.07 <0.001 
Length, mm 16.1c ± 0.11 14.3b ± 0.10 12.7a ± 0.10 <0.001 
Survival, % 96.7 ± 9.67 95.5 ± 9.55 92.0 ± 9.20 0.179  

Table 8 
Sowable clams (% of total clams) with the minimum (11.2 mm, weight 0.3 g) (in 
italics) and optimal (13.7 mm, weight 0.5 g) (in bold) sowing sizes at the end of 
the pre-fattening period in suspended lanterns (10 storeys, 0.2 m2/storey). Data 
refer to clams of the three batches (B1, B2, and B3) farmed at the northern and 
western sites at different stocking densities.    

Northern site 

Batch  B1 B2 B3 
Arrival  15/03/ 

2018 
29/03/ 
2018 

13/04/ 
2018 

Harvest  18/06/ 
2018 

18/06/ 
2018 

18/06/ 
2018 

EXTRA Minimum size, 
(%) 

64.2 % 49.6 % – 

(50,000 clams 
m− 2) 

Optimal size, 
(%) 

41.4 % 30.4 %  

HIGH Minimum size, 
(%) 

67.2 % 73.4 % 74.4 % 

(30,000 clams 
m− 2) 

Optimal size, 
(%) 

32.6 % 41.7 % 36.7 % 

MEDIUM Minimum size, 
(%) 

86.6 % 79.7 % 89.6 % 

(20,000 clams 
m− 2) 

Optimal size, 
(%) 

55.4 % 47.2 % 52.3 % 

LOW Minimum size, 
(%) 

– – 94.5 % 

(10,000 clams 
m− 2) 

Optimal size, 
(%)   

78.1 %    

Western site 

Batch  B1 B2 B3 
Arrival  15/03/ 

2018 
29/03/ 
2018 

13/04/ 
2018 

Harvest  25/06/ 
2018 

25/06/ 
2018 

25/06/ 
2018 

EXTRA Minimum size, 
(%) 

40.1 % 53.6 % – 

(50,000 clams 
m− 2) 

Optimal size, 
(%) 

20.3 % 16.6 %  

HIGH Minimum size, 
(%) 

74.0 % 75.1 % 68.6 % 

(30,000 clams 
m− 2) 

Optimal size, 
(%) 

49.5 % 43.8 % 29.7 % 

MEDIUM Minimum size, 
(%) 

78.1 % 89.0 % 91.1 % 

(20,000 clams 
m− 2) 

Optimal size, 
(%) 

43.2 % 68.7 % 61.9 % 

LOW Minimum size, 
(%) 

– – 99.0 % 

(10,000 clams 
m− 2) 

Optimal size, 
(%)   

92.1 %  
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% vs. 85.1 % for B1 and 67.0 % vs. 90.1 % for B2; recorded one week 
later than at the northern site). Such contrasting results have previously 
been reported in literature. Some authors observed a significant effect of 
stocking density on the survival of juvenile Manila (Boscolo Brusà et al., 
2011) and razor clams (da Costa et al., 2015), whereas others did not 
report any differences in the survival rates of clam species farmed at 
different stocking densities (Epelbaum et al., 2011; Marshall and Dun-
ham, 2013; Yan et al., 2006). 

In our study, the lower survival rates and differences between the 
stocking densities observed at the western site in comparison with the 
northern site might be attributed to the 1-week delay in clam harvest. 
This delay increased the clam size in the three batches (average of the 
different stocking densities) in the western compared to the northern 
site, but also caused mortality of most susceptible clams because the 
water conditions, i.e. temperature and especially dissolved oxygen, 
turned unfavourable (Fig. 2). In fact, during this week, data of ARPAV 
(2018) confirm that in the western site the average of daily recordings of 
dissolved oxygen was low and variable (7.62 ± 1.38 mg/L), and reached 
critical values for Manila clams survival (3.20–4.16 mg/L) during the 
24-h in 4 out of 7 days. In the same period, daily recordings of water 
temperature averaged at 25.4 ± 0.70 ◦C with extreme values (≥27 ◦C) 
during the 24-h in 4 out of 7 days. The higher percentage of clams with 
minimum and optimal sizes observed at the western site in comparison 
with the northern site at the end of the pre-fattening period could be 
attributed to a higher mortality of smaller clams at the highest stocking 
density during the last pre-fattening stages (Cigarría and Fernández, 
1998). Some authors observed that smaller clams are more likely to 
succumb to abiotic stressors, such as high temperatures and low dis-
solved oxygen (Dethier et al., 2019b; Tezuka et al., 2012), because they 
require proportionally more oxygen than larger individuals (Bougrier 
et al., 1995). 

In the present study, regardless of the stocking density, Manila clams 
with an SL of approximately 3 mm sown in early April attained an 
average SL of 14.3 mm after 10–11 weeks. The pre-fattening duration 
and clam growth depend highly on the season in which juveniles are 
settled, regardless of the technology adopted (Boscolo Brusà et al., 2011; 
Soudant et al., 2004). 

Considering the conditions prevalent in North Italian lagoons, it is 
advantageous to initiate shell farming activities at the beginning of 
spring and no later than April (Boscolo Brusà et al., 2011). Previous 
studies in the Venice Lagoon (Italy) showed that Manila clams (initial SL 
7.5 mm) sown in late November reached an SL of 10 mm after 6 months 
of pre-fattening (late May) (Boscolo Brusà et al., 2011), whereas clams 
with an initial SL of 6.7 mm sown in August reached 8.7 mm after 1 
month of pre-fattening. In a Mediterranean lagoon (Calich, Italy), 
grooved carpet shell (Ruditapes decussatus) juveniles (initial SL 7.9 mm) 
sown in late March reached an SL of 14–16 mm after 2 months of 
pre-fattening (Chessa et al., 2005). 

The growth performance of clam seeds is highly dependent on the 
physico-chemical (i.e. temperature and salinity) (Matsuda et al., 2008; 
Xu et al., 2015) and trophic (i.e. phytoplankton availability and species) 
(Yan et al., 2006) characteristics of the rearing site (Boscolo Brusà et al., 
2011; Dethier et al., 2019a) in addition to its hydrodynamism (i.e. wave 
energy and sea currents) (Dethier et al., 2019a; Hunt and Mullineaux, 
2002; Takeuchi et al., 2015). In our trial, differences in water quality 
during the farming period (Fig. 2) does not support any differences in 
growth between the clams in the two sites. Data collected by ARPAV 
(2018) during the farming period (March 15-June 31, 2018) show that 
in the northern site, water temperature averaged at 19.8 ± 6.1 ◦C (min: 
7.3 ◦C; max 28.4 ◦C) and dissolved oxygen at 8.9 ± 2.2 mg/L (min: 3.2 
mg/L ; 18.9 mg/L); in the western site, temperature stand at 18.5 ± 5.6 
◦C (min: 6.9 ◦C; max 28.4 ◦C) and dissolved oxygen at 8.9 ± 1.7 mg/L 
(min: 2.9 mg/L; max: 15.8 mg/L). The water temperature from April 
onwards was within the suitable range for Manila clam larvae and ju-
veniles (i.e. 18–28 ◦C) (Han et al., 2008; Huo et al., 2018; Shin and Lim, 
2003), and it was higher than the optimal values for growth (20–23 ◦C) 

(Huo et al., 2018; Kang et al., 2016; Kim et al., 2017b) only during the 
last month of the study (average of daily recordings in June until har-
vesting; northern site: 26.4 ± 1.00 ◦C; western site: 24.8 ± 1.0 ◦C; 
ARPAV, 2018). In addition, extremely high level of chlorophyll a was 
recorded during late May-early June (approximately 86 μg L− 1 at both 
sites) in comparison with the average yearly values for the lagoon during 
late spring-early summer (12 μg L− 1) (ARPAV, 2019). In June 2018, 
abnormal phytoplankton growth and a massive macroalgal bloom, pri-
marily of Cladophora, Ulva, and Pilifera spp., was reported in Sacca degli 
Scardovari (ARPAV, 2019). This eutrophication phenomenon, coupled 
with the increase in the water temperature during the last month of the 
study, likely decreased the dissolved oxygen levels to the lowest rec-
ommended values for Manila clams (3.5 mg L− 1) (Kim et al., 2017a; Shin 
et al., 2001). 

The findings of the present study provide new information for the 
standardization of molluscs farming in suspended net lanterns. In Sacca 
degli Scardovari, this farming technique was successful also in juveniles 
of a burrowing species, such as Manila clam, and using very high 
stocking densities (30,000 and 50,000 clams/m2) compared to what 
previously tested and reported in literature (until 20,000 clams/m2). 
Nevertheless, the increase of the stocking density reduced the clam size 
and the percentage of clams with a sowable size at harvest, whereas 
negative effects on survival were relevant only under challenging water 
conditions at the highest stocking density (as it was in the western site 
before harvesting). Thus, a stocking density of 30,000 clams/m2 could 
be recommended which guarantees good percentage of sowable clams 
(67–75 %) and low susceptibility to challenging water conditions 
around harvest compared to a density of 50,000 clams/m2. Indeed, the 
choice of the best stocking density should consider the cost of hatchery- 
produced seed and the price of clams at commercial size, the labour costs 
associated to the management of lanterns during pre-fattening, as well 
as the expected duration of the pre-fattening period. In the tested area, 
pre-fattening can start in April and clams can reach a suitable sowing 
size (SL 8− 10 mm) in 10 weeks if water conditions are within suitable 
ranges (as it was for batch B3). Further investigations about the physi-
ological and stress response of clams due to adaptation at the start of pre- 
fattening would be useful to optimize the management of hatchery- 
produced seeds. Surely, the longer the pre-fattening period under suit-
able conditions the higher the percentage of sowable clams, but har-
vesting time in the field must be carefully adjusted according to the 
specific climatic conditions of the year. In fact, extreme and quick cli-
matic changes, with values below and above the expected yearly aver-
ages, have been recorded during the last decade, which can compromise 
a production cycle in few days if not properly monitored and managed. 
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