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Abstract 

Background: The striped venus clam Chamelea gallina is an economically important species in Adriatic Sea fisher-
ies. The use of hydraulic dredging for its catch has a long history in Italy and its management faced several stages 
of development in the last 40 years. A great effort has been made in the past two decades to move from poorly or 
weakly managed fisheries to a well-structured co-management system to improve the sustainability of this fishery. 
However, a prerequisite for appropriate resource management is a sound knowledge of the biology and reproductive 
strategy of the species.

Results: We investigated three major biological features– the gametogenic cycle, size at sexual maturity and partial 
fecundity – by microscopic, histological and video analysis techniques. We demonstrated that its breeding season 
is driven by rises in seawater temperature and chlorophyll-a concentration and that its spawning period lasted from 
March to September. Size at sexual maturity was reached very early in the life cycle. As regards partial fecundity – 
the number of mature oocytes potentially released by females with ripe gonads in a single release event – varied in 
relation to size. Nevertheless, the reduction on the Minimum Conservation Reference Size (MCRS) from 25 to 22 mm 
(Delegated Regulation (EU) 2020/2237) lead to a 40% reduction in the number of emitted eggs.

Conclusions: We suggest that the ability of Adriatic clam stocks to withstand the strong fishing pressure of the past 
40 years and the present one is due to their high reproductive potential and multiple spawning events combined 
with the effect of management measures (closed areas/seasons, quota, MCRS) and technical constraints on the gear 
and the sieve on board. Moreover, since the reduced MCRS for Venus shells is still larger than the size at maturity, it will 
probably not be detrimental to the reproductive capacity of the stock.

Keywords: Chamelea gallina, Reproductive cycle, Sexual maturity, Partial fecundity, Minimum Conservation 
Reference Size (MCRS), Fishery management

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
The striped venus clam (Chamelea gallina Linnaeus, 
1758) is an economically important species in the Med-
iterranean Sea, where it thrives at depths of 2–12 m [1, 
2] in the coastal biocenosis of well-sorted fine sands 
described by Pérès and Picard [3], although it can even 
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reach greater depths up to 20 m [4, 5]. In Italy, the fleet 
targeting C. gallina consists of 635 active hydraulic 
dredges, 601 of which are concentrated along the Adri-
atic coasts [6]. Hydraulic dredges harvesting C. gallina 
operate in a narrow strip between 0.3 and 2 nautical 
miles (NM) off the coast (depth range 3–15 m), and 
along 1400 km of the 8000 km of the Italian coastline. In 
the early 1970’s, the transition from hand-operated to 
hydraulic dredges resulted in an immediate and steep 
yield increase of up to 80,000–100,000 tons/year that 
was followed by a progressive decline due to overexploi-
tation and poor management [7]. In the past two dec-
ades, considerable effort has been made to move to a 
well-structured co-management system, to improve the 
sustainability of this fishery [8]. In recent years, annual 
production has been around 19,000 tons (~ €51.4 mil-
lion), accounting for 11% of fishery production in Italy in 
weight and for 6% in revenues [6]. However, the declin-
ing landings do not accurately reflect the status of the 
resource at sea, which is influenced by factors such as 
natural population fluctuations; the variable catch quota, 
which is set on the basis of market demand; and the wide 
range of restrictions that have been adopted over time to 
promote the sustainability and responsiveness of the fish-
ery. The C. gallina fishery is managed through technical 
measures that:

a) set dredge dimensions (maximum width, 3 m; maxi-
mum weight, 600 kg; Ministerial Decree 22/12/2000 
[9]);

b) regulate the fishing effort through closed areas 
(dredging is banned within 0.3 NM of the coast; Reg-
ulation (EC) 1967/2006 [10]);

c) ban fishing activities in some periods (dredging is 
forbidden for 2 months between April and October 
[6]);

d) limit the catch of juveniles through constraints on 
the technical features of the dredge and the mechani-
cal sieve on board (Ministerial Decree 22/12/2000) 
[9];

e) establish the Minimum Conservation Reference Size 
(MCRS), which is currently 22 mm (Delegated Regu-
lation (EC) 2016/2376, Regulation (EC) 2020/3, and 
Delegated Regulation (EC) 2020/2237 [11–13]) by 
way of derogation from the previous 25 mm (Annex 
III to Regulation (EC) 1967/2006 [10]).

A prerequisite for appropriate resource management 
is a sound knowledge of its biology and reproductive 
strategy. The reproductive cycle of C. gallina in the Adri-
atic has been reported to span from March to Septem-
ber [14–16]. However, there is disagreement on its size 
at sexual maturity  (TL50), which has been described to 

range from 11 to 18 mm [4, 17, 18]. A thorough knowl-
edge of this parameter is crucial to evaluate the spawn-
ing fraction and fecundity of the population that has not 
been harvested, which contributes to its reproductive 
output [19].

Chamelea gallina reproduction has been the subject 
of several qualitative studies in the Adriatic Sea and 
elsewhere [20–24]. On the other hand, there is only one 
quantitative study investigating the potential number of 
emitted eggs per females in a single spawning event in 
relation to shell size [19]. The disproportion is due to the 
diffusion of gonad tissue in the visceral mass, which ham-
pers the study of reproductive output and investment in 
all bivalves [25] except Pectinidae, whose gonad is a dis-
crete organ. Quantitative reproduction data, like gonad 
biomass and fecundity, are critical to understand the life 
history of marine bivalves and to manage them success-
fully, i.e. to define the MCRS [26–28].

Various semi-quantitative and quantitative methods 
have been applied to estimate bivalve fecundity also in 
relation to their reproductive strategy and ovary struc-
ture, even though quantitative investigations are still 
much fewer than qualitative studies [29]. For exam-
ple, the reproductive investment has been assessed in 
live specimens by inducing spawning through thermal 
shock or chemical injection, to count the number of eggs 
released [30–32] or by weighing them before and after 
spawning [33]. Dead specimens can be analysed indi-
rectly by strip spawning [34, 35], volumetric reconstruc-
tion [36–38] and histological [39] and immunological 
methods [40]. However, all of them underestimate the 
reproductive output, since incomplete spawning is not 
infrequent and spawning events of different intensity may 
occur several times during the reproductive season [41]. 
This is the case of C. gallina, a multiple partial spawner 
with intraindividual asynchronous ovary development 
[42]. Bivalve fecundity is closely related to size and age [7, 
38], although it can also be influenced by phylogeny and 
environmental conditions [25, 43–45].

Altogether, the information on the reproductive biol-
ogy of C. gallina in the Adriatic Sea is dated and limited, 
which has the potential to undermine stock management 
and conservation efforts. The aim of this study is to pro-
vide new and updated information on the reproductive 
cycle of C. gallina: i) by investigating the gametogenic 
cycle using histological techniques and evaluating its 
relationships with temperature and chlorophyll-a (Chl-
a); ii) by estimating  TL50 by microscopic observation; 
and iii) by assessing partial fecundity (PF) by means of 
histological and image analysis approaches. Since in Ital-
ian territorial waters the MCRS has temporarily been 
reduced from 25 mm to 22 mm total length (TL) we also 
describe how the reduction affects clam fecundity. The 



Page 3 of 16Bargione et al. BMC Zoology            (2021) 6:32  

study findings provide insights for fishery management, 
such as the MCRS and the time of the year when fishing 
should be closed.

Results
Environmental parameters
The mean monthly BST and Chl-a values exhibited a sea-
sonal trend (Fig. 1). BST was 16.6 ± 1.4 °C in November, 
dropping to 10.7 ± 0.5 °C until March with a minimum 
at 8.8 ± 1.1 °C in January. It gradually rose from January, 
and in June it approached the values recorded in Novem-
ber (16.4 ± 1.0 °C). From July to October, BST ranged 
from 20.6 ± 2.2 to 25.8 ± 1.5 °C, peaking in August. Chl-a 
fell steeply from 7.8 ± 4.3 mg/m3 in November to ~ 2.2 ± 
0.8 mg/m3 in December–April, it increased in May–July 
with a peak in June (4.6 ± 1.9 mg/m3) and fell again from 
August to October (1.6 ± 0.4 mg/m3).

Histology
Altogether 213 females, 205 males and 64 indeterminate 
individuals were subjected to histological analysis. The 
progress of maturity stages over the months is reported 

in Fig.  2. During the 12-month sampling, the 64 inde-
terminate individuals were recorded only in November, 
December and October. At this stage sexes were not 
distinguishable, therefore the inactive stage is hereaf-
ter reported as F1/M1. The inactive stage was charac-
terized by abundant connective tissue occupying the 
whole visceral mass without follicles/acini or gametes; 
only indeterminate cells were present and the sexes were 
indistinguishable (Figs. 3 and 4a).

In November gametogenesis had already resumed, as 
56.5 and 76.7% of females and males were respectively 
in stage F2 and M2 (early gametogenesis). The gonads of 
F2 females showed fully developed follicles and oogonia 
(diameter, 5–6 μm) together with some small previtel-
logenic oocytes in early stage of development (diameter, 
15–20 μm) around the follicle wall; only vesicular cells 
were seen in the lumen (Fig. 3b). This stage was predomi-
nant in November and December (~ 60%), whereas in 
January–March an almost equal proportion (~ 50%) of 
females were in stages F2 and F3. In April, 72% of females 
were in stage F3 (late active stage) and 28% were still 
in stage F2. Stage F3 oocytes were considerably larger 

Fig. 1 Mean monthly bottom seawater temperature and chlorophyll-a concentrations recorded between November 2018 and October 2019. Grey 
area: standard deviation
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and most were in the previtellogenic and pedunculated 
stages. Pedunculated oocytes protruded into the lumen 
of the follicle through their stalk, whereas a small num-
ber of vitellogenic oocytes were seen free in the lumen 
(Fig.  3c). In May, 95% of females had ripe gonads (F4A 
stage) with pedunculated and vitellogenic oocytes filling 
the lumen (Fig. 3d). In March, a small fraction of females 
(14%) were already in the ripe stage. Evidence of par-
tial release (F4B, partially spawned stage) was detected 
since May (5%); this stage became more represented in 
June and July, when females with full or partially empty 
gonads were in almost equal proportion (~ 50%). The 
partially empty follicles indicated that a first release event 
had already occurred. In F4B females new and residual 
pedunculated and vitellogenic oocytes were detected in 
the lumen together with oocytes in an earlier stage of 
development attached to the wall, indicating the resump-
tion of gametogenesis (Fig. 3e). In August, 67% of females 
had regressing gonads (stage F5) with residual oocytes 
in the collapsed lumen and connective tissue and inde-
terminate cells surrounding the gonad area (Fig.  3f ). 
In September, we collected a single female (stage F5). 
In October, the gonads had completely regressed and 
females could no longer be identified, since all individuals 
were in the inactive stage (M1/F1).

In November, males were in the early gametogenesis 
stage (M2) with fully formed acini, spermatogonia sur-
rounding the walls and vesicular cells filling the lumen 
(Fig.  4b). Between December and February, males were 
almost exclusively (94–100%) in late active gametogenesis 

(stage M3), with germ cells of decreasing size – spermat-
ocytes and spermatids – arranged centripetally and pro-
jecting into the lumen (Fig. 4c). From March to July, most 
males (67–100%) had ripe gonads (stage M4A), with the 
lumen of the acini filled with spermatids and spermato-
zoa (Fig. 4d). Partial release events (stage M4B) spanned 
from June to September, peaking in August (84.5%). In 
M4B males, new spermatids and spermatozoa occupied 
a portion of the partially emptied acini, although cells 
in earlier development stages were also detected along 
the acinar walls (Fig.  4e). Gonad regression (stage M5) 
began in August, the majority of males in this stage being 
observed in September (73.9%); the acini were collapsed, 
with connective tissue and indeterminate cells beginning 
to surround the gonad area; residual spermatozoa were 
present except where a total release event had occurred 
(Fig. 4f ). In October, a residual of 0.7% of males were still 
in regression, whereas all the other individuals (97.3%) 
had inactive gonads.

Size at sexual maturity
A total of 504 additional individuals (227 females, 243 
males and 34 indeterminate), collected during the ad hoc 
sampling carried out in the middle of the reproductive 
season, were analyzed to assess  TL50 in both sexes. The 
smallest females and males with well-developed gametes 
measured 9.6 mm and 9.9 mm TL, respectively;  TL50 was 
~ 11.0 for females and 11.5 mm for males, whereas the 
 TL50 of the entire sample was ~ 11.2 mm (Fig. 5). Above 
15 mm TL, all males and females were sexually mature.

Fig. 2 Ridge plots showing the progress of maturity stages over the months in a females and b males. The curves illustrate the percentage of 
individuals in each maturity stage. The sum of the areas defined by the curves corresponds to the total monthly observations
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Partial fecundity
The gonad volume ranged from 25.2 to 280  mm3 and was 
significantly and positively related to size  (Gv = 17.2 × 
TL – 304.5; adj.  R2 = 0.97;  F1,24 = 772.5; p < 0.001). The 
percent  Gv occupation by all types of oocytes was sig-
nificantly different between maturity stages (ANOVA, 
 F1,24 = 64.4; p < 0.001) and was 39.6 and 21.8% in stage 
4A and stage 4B, respectively. Two-way ANOVA, testing 
for the effect of Maturity stage and Oocyte development 
stage on the percent  Gv occupation, highlighted signifi-
cant differences between the two parameters and their 
interaction. Although the interaction was statistically sig-
nificant (Table 1), the  Gv occupied by mature and imma-
ture oocytes (19.1 and 20.5%, respectively) in 4A females 
was not significantly different, whereas in 4B females 

immature oocytes occupied almost twice the volume 
compared with mature oocytes (14.0 and 7.8%, respec-
tively; Table 1).

The size frequency distribution of oocyte  dmax between 
the two maturity stages showed that the mode was 
53 mm in stage 4A and 41 mm in stage 4B (Fig.  6). In 
mature oocytes, the largest  dmax values were 154.89 μm 
and 139.21 μm in stages 4A and 4B, respectively, and the 
smallest  dmax values were 5.85 μm and 9.54 μm, respec-
tively. The mean diameter of mature and immature 
oocytes was respectively 70.3 μm, 41.5 μm in stage 4A 
and 70.1 μm and 38.6 μm in stage 4B.

There was a strong positive and significant linear rela-
tionship between the number of any type of oocytes 
and TL, irrespective of maturity stage (Fig. 7). Two-way 

Fig. 3 Histomorphological maturity stages in C. gallina females: a inactive stage, M1/F1; b early active stage, F2; c late active stage, F3; d ripe stage, 
F4A; e partial emission stage, F4B; f regressing stage, F5. Abbreviations: ic: immature cells; Oo: oogonia; Pv: previtellogenic oocyte; Po: pedunculated 
oocyte; Vo: vitellogenic oocyte; L: lumen; ro: residual oocyte, mt: muscle tissue
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ANCOVA indicated that, while controlling for TL, 
there was a significant difference in the total number 
of oocytes between 4A and 4B females (ANCOVA,  F1,47 
= 121.638; p < 0.001). Similarly, there was a signifi-
cant two-way interaction between Maturity stages and 
Oocyte development stages in the number of oocytes 
while controlling for TL (ANCOVA,  F2,47 = 186.131; p 
< 0.001). A simple main effects test for Maturity stage 
and Oocyte development stage demonstrated that 
mature oocytes were more numerous in 4A than 4B 
females  (F1,23 = 30.8; p < 0.001), whereas the differ-
ence between 4A and 4B females in terms of number 
of immature oocytes was not significant  (F1,23 = 0.185; 
p < 0.671).

In 4A mature females size ranged from 19.2 to 29.9 mm 
TL with a PF from 3.6 ×  104 to 3.7 ×  105 oocytes/female 
depending on size (average, 1.6 ×  105 oocytes/female). 
The linear regression analysis (PF = 3.01 ×  104 TL − 5.21 
×  105; adj.  R2 = 0.85;  F1,14 = 83.8; p < 0.001) suggested 
that 4A females can release ~ 1.4 ×  105 (95% confidence 
interval, CI ± 2.3 ×  104) oocytes/female at size 22 mm 
TL (present MCRS) and 2.3 ×  105 (95% CI ± 2.7 ×  104) 
oocytes/female at size 25 mm TL (ex-MCRS).

Discussion
Reproductive biology
This study describes the year-round reproductive cycle 
of the commercially valuable species, C. gallina, in the 

Fig. 4 Histomorphological maturity stages in C. gallina males: a inactive stage, M1/F1; b early active stage, M2; c late active stage, M3; d ripe stage, 
M4A; e partial emission stage, M4B; f regressing stage, M5. Abbreviations. ic: immature cells; Sg: spermatogonia, Sc: spermatocytes; St: spermatids; 
Sz: spermatozoa; pe: partial emission; te: total emission; L: lumen
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western Adriatic Sea. The gonad development of C. gal-
lina exhibits a cyclical annual pattern influenced by 
BST and Chl-a. In November, when we began sampling, 
gametogenic activity was already detectable and an 
important fraction of females and males were in the early 
active stage (F2/M2). In November, the high Chl-a con-
centration and the high BST, which was similar to the one 
recorded in June (~ 16 °C), when the clams were spawn-
ing, may have acted as a trigger. Indeed, temperature 
abnormalities (> 14–18 °C) have been suggested account 
for the advanced stage of maturity and reproduction seen 
in clams in autumn and winter [15, 46, 47]. In temperate 
climates the most common bivalve gametogenesis pat-
tern is initiated by the seawater temperature reaching a 
certain threshold [48].

High energy stores in late autumn – related to the high 
Chl-a concentration detected in November – combined 
with high BST values, probably drive gonad development 
to the next stage (F3/M3). In December, Chl-a and BST 
both dropped; in January and February – the two cold-
est months, with BST under 10 °C – gonad maturation 
stopped. The percentage of females and males in the dif-
ferent stages of maturity remained almost unchanged. 
Our observations agree with studies indicating that 
clam growth [49] and gonad development [50] slow 

Fig. 5 Size at sexual maturity assessed in C. gallina a females, b males and c pooled sexes

Table 1 Results of two-way Analysis of Variance (ANOVA) and 
the Tukey HSD test for the effects of Maturity stage (4A and 
4B), Oocyte development stage (Mature / Immature), and the 
interactions of the two terms

* indicate significant effects for P values < 0.05

Df Sum Sq F value Pr(>F)
ANOVA
 Maturity stage 1 976.2 76.342 <  0.001*

 Oocyte stage 1 136 10.637 <  0.01*

 Maturity stage * Oocyte 
stage

1 72.2 5.645 <  0.05*

 Residuals 48 613.8

diff lwr upr p adj
Tukey HSD test
 4B - 4A −8.906 −10.955 −6.857 <  0.001*

 Mature – Immature −3.235 −5.230 −1.241 <  0.01*

 4B Immature - 4A Immature −6.484 −10.321 −2.648 <  0.001*

 4A Mature - 4A Immature −1.372 −4.736 1.993 0.7

 4B Mature - 4A Immature −12.699 −16.536 −8.863 <  0.001*

 4A Mature- 4B Immature 5.112 1.276 8.949 <  0.01*

 4B Mature - 4B Immature −6.215 −10.471 − 1.959 <  0.01*

 4B Mature- 4A Mature −11.328 −15.164 −7.491 <  0.001*
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down when BST is less than 10 °C. In March, when BST 
exceeded 10 °C and Chl-a began to increase, gametogenic 
activity resumed and ripe gonads were first detected, 
especially in males. Most spawning events, highlighted by 
evidence of partial release and gonad recovery, occurred 
from May to August as both BST and Chl-a rose.

In August, when BST peaked, some clams began to 
show gonad regression (F5/M5). This stage was predomi-
nant in September and was followed by the inactive stage 
(F1/M1) in October. Similarly, a study of Ensis arcuatus 
in north-western Spain highlighted that the last spawn-
ing event before gonad regression was associated with 
an increase in surface temperature [51]. Several stud-
ies have demonstrated that water temperature and food 
availability significantly influence the reproductive cycle 
of C. gallina [19, 22, 24] and other bivalves [51–53]. This 
is especially true in temperate regions, where increasing 
temperature and food supply accelerate gonad develop-
ment in numerous clam species [54–56]. Indeed, the 
striped venus clam shows an opportunistic reproductive 
strategy, since gonad development and sexual maturation 
are closely associated with nutrient accumulation, i.e. 

food availability [29, 57]. Whereas we detected two Chl-a 
peaks, one in early autumn and the other in late-spring/
early-summer, in other temperate areas Chl-a peaks 
in late autumn [24] or in late summer and winter [19], 
despite similar seasonal seawater temperature patterns. 
However, bivalve reproductive activity is controlled not 
only by environmental factors, but also by their interac-
tion with endogenous processes [53, 57, 58].

In recent years, the reproductive cycle of C. gallina 
has widely been investigated, especially along the Span-
ish, Portuguese and Turkish coasts, whereas the major-
ity of studies in the Adriatic are fairly dated (Additional 
file 1). An extended spawning period has been described 
by most studies in all areas [14, 23, 24, 59], although 
a shorter period has also been reported [22, 47, 50]. In 
the Adriatic Sea, the reproductive cycle of C. gallina 
commonly spans from March to September, with some 
additional reproductive events in early autumn, whereas 
studies conducted at different temperate latitudes have 
described reproductive events only from late spring to 
late summer (Additional file  1). The reproductive plas-
ticity of C. gallina can be explained by changes in local 

Fig. 6 Size frequency distribution of maximum oocyte diameter in 4A and 4B females. The vertical line divides oocytes into those larger and smaller 
than 60 μm in maximum diameter
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environmental and trophic conditions over time and by 
geographical location [46, 57]. In temperate areas eggs 
are released in favourable conditions for the development 
of planktotrophic larvae, when phytoplankton and Chl-a 
concentrations are abundant and when the water temper-
ature ranges from 18 to 27 °C [15].

In the present study, evidence of partial gamete release 
and developing gametes in the same acinus/follicle in 4B 
individuals, heralded further spawning events as long as 
environmental conditions would be favourable for repro-
duction within the same reproductive season, otherwise 
gametes are reabsorbed at the end of it. These findings 
confirm that the striped venus clam is a multiple par-
tial spawner [19–21, 42], even though single spawning 
events have been described by other authors [17, 24, 60]. 
In our study, all specimens were gonochoric, albeit cases 
of hermaphroditism have been reported [7, 21]. Gonad 

development was synchronous in females and males, as 
reported in several studies [24, 50, 59], a strategy that 
maximizes reproductive success. Another well-estab-
lished feature of C. gallina is interindividual asynchrony, 
whereby specimens in different maturity stages coexist in 
the same period (Additional file  1). In contrast, intrain-
dividual asynchrony – where different maturity stages 
coexist in the same individual – has rarely been described 
before the present study [19–21].

Both sexes of the striped venus clam reach sexual 
maturity at about 11.2 mm TL, in the first year of life; 
indeed, the first year specimens grow to about 15 mm TL 
[61]. Clams longer than 15 mm TL were all found sexu-
ally mature. Our findings are consistent with previous 
studies reporting a similar or even smaller size at sexual 
maturity [18, 46, 59, 62–64]. Yet, a  TL50 of 9 to 18 mm 
is commonly described in the Adriatic Sea and elsewhere 

Fig. 7 Scatterplots illustrating the relationship between oocyte number and total length. The log-scale emphasizes the differences between and 
within maturity stages (4A and 4B) in terms of oocyte maturity (mature / immature)
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(Additional file 1). Such different values, reported even in 
the same area, may be attributed to the intrinsic repro-
ductive variability of the species in relation to local envi-
ronmental conditions such as seawater temperature, food 
availability and to anthropogenic, genetic and physi-
ological factors [57], as well as to the different methods 
adopted to asses maturity.

Although the estimation of potential annual fecundity 
is critical to understand bivalve production and popula-
tion dynamics, it is little explored [65]. Chamelea gallina 
is characterized by indeterminate fecundity, or better by 
a potential annual fecundity that is not known before 
the onset of spawning, since unyolked oocytes continue 
to mature and be spawned throughout the reproductive 
season [66]. Even though we were able to estimate the 
PF related to a single egg release event, in multiple par-
tial spawning bivalves the number of spawning events 
occurring in the same reproductive season and the inten-
sity of each reproductive peak are unknown [41], and 
are different in different years [67]. Only another study 
by Delgado et  al. [19], conducted in the Gulf of Càdiz 
(south-western Spain), has assessed the fecundity of C. 
gallina. The results of the two investigations are quite 
similar; in particular, Delgado and co-workers analysed 
females in a size interval (20–30 mm TL) similar to ours, 
they found similar estimates of gonad volume (range, 
37.25–205.95  mm3) and reported that the percent  Gv 
occupied by all types of oocytes and by mature oocytes 
was respectively 37.71 and 18.38% in 4A females and 
31.30 and 14.23% in 4B females. Nevertheless, their esti-
mated PF (range, 7.6 ×  104–7.9 ×  105 oocytes/female) is 
higher than ours, despite a similar order of magnitude of 
oocyte number in relation to TL. The difference may lie 
in the method used to calculate PF: we only considered 
oocytes sectioned through the nucleus, which involves 
that the actual number of oocytes in the gonad may have 
been underestimated, whereas Delgado et  al. [19] did 
not report it. Before egg release, the oocytes can reach a 
diameter of 110–120 μm [18], which is comparable with 
the  dmax values we found in 4A and 4B mature oocytes. 
We found that fecundity is related to size, as noted by 
other authors [38, 44, 68], since in younger individuals 
growth is fast and the investment in reproduction lim-
ited, whereas in older bivalves energy is switched from 
growth to reproduction [44, 45].

A variety of studies have tried to estimate fecundity in 
various bivalve species, despite the problem of gonad tis-
sue diffusion in the visceral mass. For example, in Spondi-
lus calcifer the mean number of spawned oocytes per 
female has been estimated at 48.9 million [68], whereas 
the number of eggs per female has been put at 4.15 mil-
lion in Ruditapes philippinarum [41] and at 1.65 million 
in Anadara antiquata [38]. The order of magnitude of 

the mean number of spawned eggs per female, reported 
in these studies, is up to two times higher than the one 
we calculated. However, egg number strongly depends on 
the species, its size range and the estimation method.

The reproductive strategy of C. gallina results in high 
fecundity. As near-sessile organisms, their lifecycle 
is strongly affected by environmental factors [36]. To 
ensure reproductive success, large amounts of gametes 
are released in the water column and, after fertilization, 
develop into planktotrophic larvae [15, 69]. However, as 
demonstrated by Beninger et  al. [65] in Cerastoderma 
edule using Neutral Red vital staining, not all the oocytes 
released during a spawning event are viable, as dead/non-
viable oocytes accounted for 34–85%. Moreover, oocytes 
age after spawning and 4–8 h after their release they can 
no longer be fertilized [70]: this involves that synchroni-
zation of gamete release in the environment is crucial for 
the reproductive success of the species [7]. Egg number is 
further reduced by predation by filter-feeding organisms 
in the water column. In addition, early offspring mortality 
is also substantial, due to oceanographic and ecological 
factors (e.g. food availability, current transport to unsuit-
able habitats, predation [71];) as well as to biological (e.g. 
reproductive strategy of the species, larval duration and 
larval behaviour [72];) and genetic factors [43].

Management implications
Italian clam fishery is the sole fishery where the number 
of vessels and operators has not declined in the past four 
decades [6]. The biological and management factors that 
allowed the clam fishing stocks to withstand the high 
fishing effort include:

i) the high reproductive potential (clams of 22 mm 
TL produce 1.4 ×  105 oocytes/female, a fairly high 
fecundity whose order of magnitude is shared with 
25 mm clams) and the multiple spawning events 
occurring within the same reproductive season;

ii) the early maturation, since all clams > 15 mm TL are 
sexually mature within the first year of life;

iii) the closure of the area within 0.3 NM of the coast 
(Regulation (EC) 1967/2006 [10]) to dredging activ-
ity; this measure has halved the area previously suit-
able for clam harvesting and provides a large area 
(581.7  km2) where a huge amount of breeders con-
tribute to the reproductive output of the population;

iv) the daily quota (reduced to 400 kg/vessel from the 
previous 600 kg/vessel; Delegated Regulation (EC) 
2016/2376 [12]) has strongly reduced the fishing 
effort, because the boats take less time to achieve the 
predetermined quota;

v) the two-months fishing closure adopted in summer 
during the peak of reproduction;
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vi) the technical measures set for the fishing gear (for 
both the dredge and the sieve on board) reduce the 
catch of juveniles and the fraction below 22 mm TL 
almost to zero [73];

vii) the setting of restocking areas, entered into force 
in 2017, where fishing is banned and where fisher-
men are required to discard undersized specimens 
harvested elsewhere (Delegated Regulation (EC) 
2016/2376 [12]);

viii) the high survival rate of C. gallina (higher than 
95% [74]); the specimens returned to the sea can 
grow and contribute to the spawning fraction of the 
population;

ix) the seeding and fishing area rotation applied by Man-
agement Consortia, the bodies responsible for fishery 
management, make the exploitation more sustainable 
and responsive.

The Scientific, Technical and Economic Committee for 
Fisheries (STECF), in the Joint Recommendation 20–01, 
reported that since the first implementation of the new 
MCRS in 2017 (Commission Delegated Regulation (EC) 
2016/2376 [12]) an increase of abundance of > 22 mm 
individuals has been observed in the stock in certain 
areas of the Adriatic Sea. STECF also noted that the sta-
tus of the stocks seems to have been stable or improving 
depending on the areas. Furthermore, it concluded that, 
since the reduced MCRS for Venus shells is still larger 
than the size at maturity (previously reported between 
15 and 17 mm), it will probably not be detrimental to the 
reproductive capacity of the stock and is likely to have lit-
tle effect on the exploitation rate on juveniles [75]. There-
fore, our estimated  TL50 at an even smaller size supports 
what stated by STECF.

Moreover, the EU Commission has considered that, 
based on information available in the Joint Recommen-
dations and STECF assessments [75, 76], the derogation 
to the MCRS is in line with the objectives of the sustain-
able exploitation of the Venus shells stock in the Italian 
territorial waters. The lower MCRS also contributed to 
reduce the impact of the fishing activity on the marine 
ecosystem by allowing a significant decrease in fish-
ing time and in the area being dredged as the quota is 
reached faster. On this basis, it appears that the proposed 
reduced MCRS would comply with the requirements 
established for technical measures in Article 15 and Arti-
cle 18 of Regulation (EC), 2019/1241 [77].

However, there is necessity to:
 (i) collect accurate fishery data on fishing effort 

through the implementation of automatic monitor-
ing system (GPS device) onboard each vessel; the 
boats’ movement control by the bodies in charge 
for the inspections (Coast Guard) would allow the 

coastal area within 0.3 NM of the coast to be pre-
served in an inexpensive way from illegal fishing 
activities, and therefore to safeguard a large frac-
tion of the reproductive stocks;

 (ii) conduct at least two annual samplings. This would 
allow to constantly monitor the resource and to 
relate the biomass landed with those present at sea 
(exploitation rate). This index, calculated for each 
Consortium, would be essential to ensure rational 
and sustainable exploitation. When a threshold 
value is exceeded, effort management measures 
and targeted closures should be put in place [6]. 
Such close monitoring would make it possible to 
immediately verify any situations of overexploita-
tion.

Populations of marine bivalves are subject to large 
interannual fluctuations as a result of their sensitivity to 
unfavourable environmental conditions [78]. Along the 
Italian Adriatic coasts, extensive dying-off phenomena 
for C. gallina took place several times in the last 30 years 
[6]. Although it is not always easy to identify the causes 
of these mass mortality events, they are generally caused 
by sudden changes in the coastal environment (e.g. hypo-
anoxia, fresh water inputs, sea storms, pollution, sudden 
temperature and seabed grain size variations) and pres-
ence of pathogen agents [6]. Considering that the physi-
cal and chemical parameters of the seas are changing due 
to water acidification, global warming, sea level rise and 
decreased nutrient availability [79–81], the environmen-
tal perturbations are likely to frequently raise increas-
ing the pressure on the species. For example, Huntley & 
Scarponi [82] found an association between sea level rise 
and increasing prevalence of digenean trematodes in C. 
gallina fossil records from a Holocene shallow marine 
succession in the Po coastal plain. Moreover, Delgado & 
Silva [83] noted that, where levels of prevalence of dia-
genetic-trematode-like parasite were higher they induced 
castration in the wedge clam (Donax trunculus) speci-
mens. However, at present, the possible effects induced 
by climate change on the life-history traits of C. gallina 
are mainly unknown. For this reason, its main biological 
traits (e.g. growth, size at sexual maturity, reproductive 
potential) should be constantly monitored in relation to a 
changing environment, to guarantee the adoption of suit-
able management actions for a responsive fishery. There-
fore, a careful periodic review of the adopted technical 
measures based on the biology of the species should be 
warrant for its protection over time.

Nevertheless, genetic studies [84] confirmed that, 
despite the fluctuations exhibited by the species in 
the last four decades, its high level of genetic diver-
sity has not been negatively affected, conferring to this 
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species a good adaptive potential to face the environmen-
tal perturbations.

Conclusions
In conclusion, this study provides some crucial biologi-
cal information that can help adjust fishery management 
measures to clam biology. It also confirms that in the 
Adriatic Sea C. gallina reproduces in spring-summer, 
thus supporting the adoption of fishing closures in this 
period: closures ensure that the larger individuals con-
tribute to reproduction and that the offspring attach to 
the substrate. Chamelea gallina reaches sexual maturity 
in the first year of life and partial fecundity is size-related. 
Even though the MCRS reduction to 22 mm TL affects 
partial fecundity (specimens measuring 25 mm TL pro-
duce 40% more oocytes per female), we suggest that the 
ability of Adriatic clam stocks to withstand the strong 
fishing pressure of the past 40 years and the present 
one is due to their high reproductive potential, multiple 
spawning events and high genetic variability combined 
with the effect of management measures (closed areas/
seasons, quota, MCRS) and technical constraints on the 
gear and the sieve on board.

Methods
Sample and data collection
Clam samples were collected monthly, from Novem-
ber 2018 to October 2019, during commercial fishing 
operations conducted on sandy bottoms (depth, 5 to 
12 m) in the Ancona Maritime District (central Adri-
atic Sea, Fig.  8). From 2 to 3 individuals per size class 
(width, 2 mm) were measured to the nearest 0.1 mm 

with a Vernier calliper along the anterior-posterior shell 
axis. The number of specimens each month analysed 
depended on the size classes available in the sample 
(maximum size range 18–36 mm TL, overall mean size 
(± Standard Deviation, SD) 25.4 ± 3.8 mm TL). Testing 
for differences in the gametogenic cycle in relation to 
shell size was not considered, however a gonad fragment 
from each specimen was placed in Dietrich solution [85] 
for subsequent histological analysis.

Bottom seawater temperature (BST) data were 
obtained from the Tele–Senigallia pylon, a research tower 
located 1.3 NM off Senigallia, which is close to the sam-
pling area and has been collecting oceanographic data 
since 1988 [86]. Temperature data were recorded every 
10 min on a daily scale at 12.5 m depth. The daily Chl-a 
values were freely downloaded from the EU Copernicus 
Marine Service Information website [87] by tracing a pol-
ygon overlapping with the sampling area. Mean monthly 
values were than calculated for both parameters to 
observe how in parallel gonadal maturity stages changed 
over months.

Histology
The gametogenic cycle of females and males was investi-
gated using a standard histological protocol. Gonads were 
dehydrated through increasing ethanol concentrations 
and embedded in paraplast. Serial 6-μm-thick trans-
verse sections were cut with a microtome, mounted on 
slides, stained with Harris haematoxylin and eosin [88] 
and finally examined under a light microscope at 5–40 × 
magnification. Maturity stages were assigned according 
to the 6-stage scale proposed by Joaquim et al. (2014) for 

Fig. 8 Map of the sampling area generated through the QGIS software version 3.20 “Odense” (www. qgis. org). Dots indicate the sampling positions. 
The star marks the Tele–Senigallia research pylon, where the bottom seawater temperature data were recorded

http://www.qgis.org
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both sexes, with a slight modification of the last stage, as 
follows: F1/M1, inactive; F2/M2, early active; F3/M3, late 
active; F4A/M4A, ripe; F4B/M4B, partially spawned; and 
F5/M5 regressing (rather than “spent” as in the original 
scale). When multiple stages coexisted in an individual, 
the predominant stage was assigned.

Size at sexual maturity
TL50 was determined in specimens obtained from addi-
tional samples collected on alternate weeks in the cen-
tral part of the reproductive season (May to August, 
8 additional samples). From 3 to 4 individuals per size 
class (width, 1 mm) were measured and analysed and 
the total number of individuals per each sample always 
varied depending on the size classes available in the sam-
ple (maximum size range 4–36 mm TL, overall mean 
size 18.7 ± 9.5 mm TL). An ad hoc dichotomous matu-
rity scale (1, not sexually mature; 2, sexually mature) was 
applied to classify specimens based on microscopic fea-
tures. Gonad material was smeared on slides and exam-
ined under a light microscope linked to a video analysis 
system (Las Image Analysis, Leica). Females were clas-
sified as immature if only previtellogenic (immature) 
oocytes  (dmax ≤ 60 μm) were detected, and as mature 
when vitellogenic (mature) oocytes (maximum diam-
eter,  dmax > 60 μm) began to develop. This threshold (≤ 
or > 60 μm) was set based on what described by Corni 
et al. [18, 21] in the Adriatic where C. gallina previtello-
genic oocytes had a different shape (more irregular) and 
dimension  (dmax ≤ 60 μm) compared to vitellogenic ones. 
Males were classified as mature/immature based on the 
presence/absence of spermatozoa with well elongated 
branched tails. Whenever not possible to assess the sex 
of small individuals they were classified as indetermi-
nate and excluded from the calculation of  TL50.  TL50 was 
assessed in both sexes by fitting a logistic model to the 
proportion of mature specimens per size class:

where y is the relative frequency of mature individuals; 
x the size of individuals, exp. is the basis of the Neperian 
logarithms, a and b are the regression constant, using the 
R package sizeMat [89].

Partial fecundity
A total number of 26 females (20 in stage 4A and 6 in 
stage 4B) ranging from 19 to 33 mm TL, collected dur-
ing the reproductive season, were examined to investi-
gate the relationship of gonad volume  (Gv) with TL, the 
number of oocytes contained in gonadal tissue and the 

y =
1

(

1+ exp−(a+bcx)
)

percent  Gv occupied by oocytes. PF was assessed in stage 
4A females by histological and video analysis methods, to 
provide an estimate of the number of gametes released 
in a single release event in relation to TL. Histological 
analysis and image post-processing took at least 8 h per 
individual.

All specimens were measured and opened. All the 
organs (shell, mantle, siphons, gills) except the vis-
ceral mass and the foot were removed before storage in 
Dietrich solution for subsequent histological analysis. A 
procedure similar to the one described by Delgado et al. 
[19] was employed for  Gv calculation. In brief, the entire 
visceral mass was cut into sections; a 6-μm-thick section 
every 100 μm was stained with Harris haematoxylin and 
eosin and viewed under a stereomicroscope connected 
to a video analysis system (Leica Application Suite V4.12) 
using reflected light at low magnification (0.76 ×). The 
area of the gonad  (Ga) was measured in each section 
using Image J software, which allowed calculating  Gv. In 
addition, 6 randomly chosen fields per gonad were digi-
tized under a light microscope at 10 × magnification and 
used to assess the  dmin (minimum diameter) and  dmax 
of oocytes, which were sectioned through the nucleus. 
Oocyte volume was then calculated assuming cells to be 
spheroid  (Ov = 4/3 × π ×  dmin ×  dmax

2). The total oocyte 
number of each clam was estimated by standardizing the 
observations from each field to the entire gonad volume. 
PF was estimated by summing the number of mature 
oocytes in each 4A female. The relationship between PF 
and TL was explored by regression analysis.

Statistical analysis
The percent  Gv occupied by all types of oocytes was 
used to test for statistical differences between maturity 
stages. The use of percentages allowed to control for dif-
ferences in  Gv between individuals. One-way analysis of 
variance (ANOVA) was applied to establish whether 4A 
and 4B females showed a significantly different mean 
percent  Gv occupation. Two-way ANOVA was applied 
to investigate possible differences in mean percent  Gv 
occupation between maturity stages and between oocyte 
development stages (mature and immature). Before 
result interpretation, the data were explored to check 
the assumption of normality, homoscedasticity and inde-
pendence. All assumptions were met. After the tests, the 
Tukey HSD test was performed to explore differences 
among the levels of significant terms.

Analysis of covariance (ANCOVA) was used to test 
for statistical differences in oocyte number account-
ing for differences in TL between individuals. Analo-
gously, a two-way experimental design was used to test 
for the effect of Maturity stage (2 levels: 4A and 4B) 
and Oocyte development stage (2 levels: mature and 
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immature) controlling for the covariate, TL. Prior to 
statistical analysis, the data were explored to check the 
assumption of normality, homoscedasticity, independ-
ence, linearity of regression and homogeneity of slopes. 
Abundance and length data were log-transformed to 
meet the assumptions. Finally, a simple main effects 
test was conducted to explore the interaction between 
the levels of each term.

All statistical analyses and visualizations were pro-
duced in R (v 4.0.3; R Core Team [90]).
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