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1  | INTRODUC TION

Sea urchin roe are considered a delicacy in many parts of the world. 
In Mediterranean countries, almost all roe consumed derive from 
Paracentrotus lividus and a serious alteration in wild population dy‐
namics has been observed (Guidetti, Terlizzi, & Boero, 2004; Pais, 
Serra, Meloni, Saba, & Ceccherelli, 2012).

The increasing difficulty in meeting market demand through fish‐
ing has led in recent decades to investment in research supporting 
echinoderm aquaculture (Brown & Eddy, 2015; Parisi et al., 2012; 
Vizzini, Miccichè, & Vaccaro, 2015; Volpe et al., 2018).

Currently, the main bottleneck in P. lividus aquaculture is juvenile 
availability, whose production at a hatchery scale still need to be im‐
proved (Azad, McKinley, & Pearce, 2010; Brundu, Monleón, Vallainc, 
& Carboni, 2016; Hannon, Officer, & Chamberlain, 2017). Infact, the 

high mortality rates occurring during larval growth, together with 
the high running costs of larval rearing systems, are the main con‐
straints that still need to be resolved for sustainable juvenile pro‐
duction methods to be developed (Azad, Pearce, & McKinley, 2011; 
Carboni, Vignier, Chiantore, Tocher, & Migaud, 2012; Dworjanyn & 
Pirozzi, 2008).

Sea urchins, notably P. lividus, are widely used as model species 
in laboratory research. All phases of their biological cycle, especially 
the larval development stages, have thus been studied for a long 
time (Fenaux, Cellario, & Etienne, 1985). Nonetheless, most of the 
literature still involves small‐to‐medium scale studies (Azad, Pearce, 
& McKinley, 2011, 2012; Brundu et al.., 2016; Carcamo, Candia, & 
Chaparro, 2005), while few attempts have been made to upscale 
the developed protocols (Buitrago et al., 2005; De La Uz, Carrasco, 
Rodríguez, & Anadón, 2013).
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Abstract
The development of sustainable methods for sea urchin juvenile production is cur‐
rently constrained by high mortality rates during larval growth and the high costs of 
larval rearing systems management. With the aim of developing a method for the 
production of juveniles of the purple sea urchin Paracentrotus lividus in a medium‐
scale recirculating system, the present study focused on the effects of high stocking 
densities on larval growth. Plutei larvae were reared at three different densities (up 
to 7 ind/ml) in a semi‐static culture system. Larval survival and metamorphosis suc‐
cess were evaluated in order to identify the most effective density range. The highest 
metamorphosis rates (80%–95%) were obtained at 4 and 7 larvae/ml. These results 
are comparable with (and in some cases higher than) those reported for the same 
species at much lower larval densities. In conclusion, the rearing conditions tested 
here show for the first time that a significantly higher (4 ind/ml) stocking density than 
those of traditional P. lividus rearing methods (based on large volumes and low densi‐
ties) can be adopted, thus supporting the feasibility of an increase in the final output 
of competent larvae with no increase in rearing volumes.
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Therefore, there is a need for improved species‐specific proto‐
cols for larval production, rearing, settlement induction and post‐
metamorphic endotrophic juvenile management, taking into account 
and optimizing the main factors that may increase efficiency in me‐
dium‐to‐large scale systems (Azad et al., 2010).

Several authors have investigated the effects on sea urchin lar‐
val growth of factors such as temperature, pH and feeding regime 
(Brennand, Soars, Dworjanyn, Davis, & Byrne, 2010; Brundu et al., 
2016; Carcamo et al., 2005; Hardy et al., 2014). In contrast, few 
studies have focused on the effect of stocking density during lar‐
val development (Azad, Pearce, & McKinley, 2012; Buitrago et al., 
2005), especially regarding the Mediterranean species P. lividus.

Within a wider research program aimed at the optimization of 
methods for the production of juveniles of the Mediterranean sea 
urchin P. lividus in medium‐scale recirculating rearing systems, the 
present study focused on the effects of stocking density on larval 
growth. Specifically, plutei larvae obtained from sea urchins matured 
in a recirculating system were reared at three different stocking den‐
sities (from 0.25 to 7 ind/ml); larval survival on reaching competence 
and metamorphosis rates were evaluated in order to identify the 
effects of stocking density on the quality of the competent larvae.

2  | MATERIAL S AND METHODS

2.1 | Ethic statements

The present study did not involved vertebrate, protected or endan‐
gered species. All experimental procedures on sea urchins were in 
compliance with the Directive 2010/63/EU.

2.2 | Broodstock rearing

Adult P. lividus specimens (test diameter without spines 
35–45 mm) were reared at the Ittica Caldoli Fish Farm, at a den‐
sity of 1 sea urchin per 5 L in a recirculating aquaculture system 
filled with 1,500 L of natural filtered (45 μm) sea water (FSW). Sea 
urchins were kept in a natural photoperiod, at constant salinity 
(36 PSU ± 1), temperature (18 ± 1°C), pH (7.9–8.4) and oxygen 
concentration (6–10 ppm). These rearing conditions were found 
to be optimal in previous P. lividus rearing trials (Fabbrocini & 
D'Adamo, 2010; Fabbrocini & D’Adamo, 2011). Sea urchins were 
fed every 2 days on a mixed diet composed of whole corn seeds 
(Zea mays) and chunked defrosted sardines (Sardina pilchardus) at 
a ratio of 70:30 (W/W), corresponding to 2% of the total biomass. 
This feeding regime was found to support P. lividus gonad matura‐
tion in a preliminary rearing trial (Carbonara, Maurizio, Novelli, & 
Fabbrocini, 2015). At each feeding, all residual material from the 
previous distribution was removed.

2.3 | Gamete collection and fertilization protocol

In accordance with the protocol developed for sea urchin 
gonad conditioning, before performing fertilization for embryo 

production, six specimens were randomly collected from the 
tank in order to confirm by means of histological evaluation that 
the gametes are from mature (not premature or post‐spawned) 
specimens, with reference to the classification scheme of Byrne 
(1990). Following positive gonad evaluation, 15 sea urchins were 
randomly sampled from the tank and induced to spawn by inject‐
ing 1 ml of 0.5 M KCl through the peristomial membrane sur‐
rounding the mouth using a 1 ml insulin syringe. An aliquot of 
gametes from each sea urchin was immediately diluted at a rate 
of 1:100 in FSW and observed by microscope to confirm the gen‐
der. Gametes from each animal were then separately collected: 
sperm samples were dry‐collected by micropipette directly from 
gonopores and stored undiluted in 10 ml polypropylene tubes at 
4°C until use; eggs were collected by placing spawning females 
on 100 ml beakers containing FSW; eggs were then washed twice 
in FSW and stored at 18°C until use. Egg morphology and sperm 
motility were evaluated as described in Fabbrocini and D'Adamo 
(2011); then, egg samples showing good morphology were pooled 
(n = 7), as were sperm samples (n = 6) whose motility parame‐
ters fell within the range recorded for mature and in‐spawning 
P. lividus specimens collected in the field (Fabbrocini, Maurizio, & 
D'Adamo, 2016).

Paracentrotus lividus embryos were obtained as described in 
Carbonara, D'Adamo, Novelli, Pelosi, and Fabbrocini (2018). Briefly, 
fertilization was carried out in a 20 L plastic bucket containing 15 L 
of FSW (sperm‐egg ratio 15,000:1; 200 eggs/ml). The percentage 
of fertilized eggs was verified to be higher than 98% by observing 
the fertilization membrane in 200 eggs. The rearing bucket was then 
kept in the dark, at 18 ± 1°C, under gentle aeration, until the em‐
bryos reached the gastrula stage.

2.4 | Larval rearing system

On reaching the gastrula stage, the embryos were transferred to the 
larval rearing vessels, which consisted of 50 L transparent polyethyl‐
ene bags. For each experimental bag the volume of embryo solution 
containing the appropriate gastrulae amount was carefully poured 
from the rearing bucket taking care not to shake the bucket bot‐
tom, where unfertilized eggs and not‐developed embryos were de‐
posited. 35 PSU FSW was then slowly added to each bag to a final 
volume of 50 L.

The larvae were reared at three densities: 0.25, 4 and 7 ind/ml, in 
35 PSU FSW. The first two tested densities were selected with refer‐
ence to Grosjean, Spirlet, Gosselin, Vaitilington, and Jangoux (1998) 
and Carboni et al. (2012), respectively; the highest was chosen on 
the basis of positive results obtained in a preliminary trial conducted 
to evaluate the feasibility of more intensive P. lividus larval rearing 
conditions.

Three replicate bags for each tested density were run.
Larvae were kept at a salinity of 35 PSU ± 1, a water temperature 

of 18–22°C and a photoperiod of 12/12 D/L. Water oxygenation and 
gentle movement were provided by bubbling air from the bottom of 
the bags (Grosjean et al., 1998).
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Starting from the third day post‐fertilization (dpf), larvae were 
fed laboratory‐cultured live algae twice a day. A mix of Dunaliella 
tertiolecta and Phaeodactylum tricornutum was used, as in Carboni 
et al. (2012) and Grosjean et al. (1998) respectively. Phaeodactylum 
tricornutum and D. tertiolecta were batch‐cultured in 20 L trans‐
parent polyethylene bags containing Guillard f/2 medium (Guillard, 
1975), and used for the experiment at the exponential growth phase. 
Microalgal concentrations were evaluated by haemocytometer, and 
a mix of the two cultures (50/50 by number of cells) was provided 
each time. The feeding regime varied in accordance with the den‐
sity of the larvae and the developmental stages. At each feeding the 
amount of microalgae supplied was calculated to obtain for each 
experimental density the final microalgal concentrations (cells/ml) 
reported in Table 1.

The feeding regime was defined on the basis of preliminary ex‐
periments in which observations of larval stomach contents were 
performed twice a day for each larval density, assuring an ad‐libitum 
feeding provision for all the tested conditions.

Since our final aim was the definition of a rearing protocol that 
could easily be upscaled for the production of P. lividus juveniles, 
we used a low water exchange rate: every 2 days, 33% of the cul‐
ture water was siphoned off, and an equal volume of new FSW was 
added. The low flow rate and the use of a 40 μm mesh to screen 
out larvae prevented them from being lost or damaged during the 
procedure.

The progression of the developmental stage was monitored by 
microscope each day, together with larval gut contents (to detect 
any food deficiency), considering 10–15 larvae from each replicate. 
No evident differences in feeding activity among stocking densities 
were observed.

Larvae were considered competent when rudiment develop‐
ment could be observed, and swimming behaviour was directed 
towards the walls or the bottoms of the containers (Gosselin & 
Jangoux, 1998). Sixteen days post fertilization, before larvae being 
collected for the first time for the settlement trials, larval sur‐
vival at the three tested densities was assessed and expressed as 

percentage of the initial number of larvae stocked for each exper‐
imental bag.

2.5 | Settlement assay

Starting from 16 dpf, settlement competence was tested each day.
Ground Ulva solution (GUS) was used as a metamorphosis‐induc‐

ing factor, having been found to give similar metamorphosis rates 
to Corallina‐conditioned sea water (Carbonara et al., 2018), widely 
employed as a settlement inducer for P. lividus larvae (Grosjean et al., 
1998; De La Uz et al., 2013; Vaïtilingon, Morgan, Grosjean, Gosselin, 
& Jangoux, 2001).

Ground Ulva solution was prepared as described in Carbonara 
et al. (2018). Briefly, samples of Ulva sp. were hand‐collected in 
shallow waters along the southern Adriatic coast (Lesina Marina, 
41°54'55.0"N 15°20'37.0"E), and transferred to the laboratory in 
refrigerated bins containing sea water from the collection site. In 
the laboratory, samples were carefully checked and washed, in 
order to eliminate undesired material and fragments of other algal 
species. GUS was prepared by grinding fragments of Ulva sp. in a 
mortar together with FSW at a rate of 1/2.5 (W/V). The extract 
was sieved and then filtered (0.7 μm). Erythromycin (7.5 µg/ml) was 
added to reduce microbial contamination (Feuerbacher, Bonar, & 
Barrett, 2017).

Every day, larvae were randomly collected from each experimen‐
tal bag and carefully pipetted into sterile 10 ml polystyrene multi‐
well dishes containing the metamorphosis‐inducing solution (25 
larvae/well). Six wells for each experimental bag were run. FSW was 
used as a control for the measurement of spontaneous metamor‐
phosis, i.e. not depending on the presence of the inducing factor but 
on the FWS itself or as a consequence of a drastic reduction in larval 
selectivity (Swanson et al., 2012; Swanson, Marshall, & Steinberg, 
2007; De La Uz et al., 2013).

The multi‐well dishes were incubated at 22°C in the dark. Larval 
settlement was checked by microscope 24 hr after the addition of 
the metamorphosis‐inducing solution. Attached larvae with well‐
developed spines and tube feet were considered to be properly 
settled. The results were expressed as the percentage of settled 
larvae of the total exposed to metamorphosis‐inducing solution.

Tests of metamorphosis induction were carried out every day 
from 16 to 25 dpf, when a declining reaction to the inducer was 
observed.

2.6 | Statistical analyses

Differences in survival rates as a function of larval density were 
evaluated by one‐way ANOVA. Metamorphosis rates were analysed 
statistically using repeated‐measures ANOVA with larval density as 
a categorical factor and dpf as a repeated factor. Significant differ‐
ences between densities were explored by HSD Tukey's test. Prior 
to analysis, data were arcsine‐transformed and tested for normality 
by Kolmogorov–Smirnov test and for homogeneity of variance by 
Cochran's test. p < 0.01 was considered significant.

TA B L E  1   Feeding regime of Paracentrotus lividus larvae during 
the rearing trial. The reported microalgal amounts represent the 
final concentration to be obtained in the experimental vessels after 
each food provision. (D = D. tertiolecta; P = P. tricornutum)

Larval concentration 
(ind/ml)

Microalgae amount (cells/ml) 
Developmental stage

4‐arms
6‐arms to 
competence

0.25 D 1.5 × 104 D 1.5 × 104

P 1.5 × 104 P 1.5 × 104

4 D 1.5 × 104 D 3 × 104

P 1.5 × 104 P 3 × 104

7 D 1.5 × 104 D 3 × 104

P 1.5 × 104 P 3 × 104
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3  | RESULTS

Survival rates on reaching competence were 47.6% for larvae reared 
at a density of 0.25 ind/ml, 64.5% for those reared at 4 ind/ml, and 
57.9% for those reared at 7 ind/ml. Although a higher survival rate 
was recorded at a density of 4 ind/ml, no significant differences as a 
function of larval density were found (Figure 1).

Larval metamorphosis rates obtained in the settlement trials 
carried out from 16 to 25 dpf are shown in Figure 2. A significant 
effect of larval density on the ability to undergo metamorphosis as 
a function of days post fertilization was observed. Indeed, the pos‐
itive response to the inducing solution was observed first in larvae 
reared at 0.25 ind/ml, but they retained this ability for a shorter time 
than those reared at the two higher concentrations tested. In de‐
tail, at 18 dpf, larvae reared at the lowest concentration showed a 
metamorphosis rate of around 50%, significantly higher than that of 
larvae reared at a density of 4 ind/ml (20%). Larvae reared at 7 ind/
ml did not undergo metamorphosis. At 19 dpf, similar percentages 
(around 70%) were observed for 0.25 and 4 ind/ml, while a signifi‐
cantly lower value (27%) was obtained for 7 ind/ml. At 20 dpf, the 
0.25 ind/ml larvae showed a metamorphosis rate of around 20%, 
significantly lower than the two higher densities. Intermediate val‐
ues were obtained with the 7 ind/ml larvae (47%), while significantly 
higher rates were recorded for larvae reared at 4 ind/ml (72%). In the 
following 2 days, larvae reared at both 4 and 7 ind/ml showed meta‐
morphosis percentages ranging from 80% to 95%, with no significant 
difference between them, while significantly lower values (around 
20%) were again observed in the 0.25 ind/ml larvae. Starting from 
23 dpf, larvae reared at 0.25 ind/ml did not respond to the inducing 
solution, while declining values (around 60%) were also observed 
for the two higher densities, with no significant difference between 
them. In our experimental conditions, no spontaneous metamor‐
phosis occurred: control larvae diluted in FSW, i.e. in absence of the 

inducing factor (GUS), never underwent metamorphosis, irrespec‐
tive of larval age and rearing density.

4  | DISCUSSION

The rearing density of the larval stages is one of the most frequently 
manipulated parameters in aquaculture, since increasing it reduces 
the production costs of juveniles. However, if larval concentrations 
are too high, this may lead to larval damage during swimming, re‐
ducing access to food and increasing wastage in the rearing system 
(Azad et al., 2012). Therefore, its effect on larval development and 
survival has been extensively studied in many species of interest to 
aquaculture, to identify the optimum range for each species (Azad 
et al., 2012; Buitrago et al., 2005; Lagos, Herrera, Sánchez‐Lazo, & 
Martínez‐Pita, 2015).

In this article, we evaluated the effect of stocking density on the 
survival and metamorphosis rates of P. lividus larvae. We obtained 
survival rates ranging from 47.6% to 63.5%, comparable and in some 
cases higher than those reported for the same species in other stud‐
ies (Brundu et al., 2016; Carboni et al., 2012; De La Uz et al., 2013; 
Grosjean et al., 1998; Liu et al., 2007; Paredes, Bellas, & Costa, 2015; 
see Table 2).

In our experiments, three larval densities were tested (0.25, 4 
and 7 ind/ml), and although higher survival rates were recorded with 
larvae reared at 4 and 7 ind/ml than at 0.25 ind/ml, the differences 
were not significant. In contrast, rates of successful metamorpho‐
sis were observed to be significantly affected by density, the best 
results being obtained at the higher stocking densities. In previous 
studies of P. lividus larvae, the highest survival and metamorphosis 
rates were obtained at densities ranging from 0.25 to 1.5 ind/ml 
(Brundu et al., 2016; Grosjean et al., 1998; Liu et al., 2007; Paredes 
et al., 2015; De La Uz et al., 2013), while increasing the density to 
4 ind/ml resulted in lower larval survival (Carboni et al., 2012). It 
should be pointed out that in these studies P. lividus larvae were 

F I G U R E  1   Survival rate (%) of Paracentrotus lividus larvae reared 
at the three tested stocking densities. Evaluations were made at 
the achievement of competence (16 days post‐fertilization). Values 
are expressed as mean ± SD (n = 3). Different superscripts indicate 
significant differences (p < 0.01)

a
a

a

0

10

20

30

40

50

60

70

80

90

100

0.25 4 7

Su
rv

iv
al

 (%
)

Larval density (ind/ml)
F I G U R E  2   Metamorphosis rate (%) of Paracentrotus lividus 
larvae reared at the three tested stocking densities. Evaluations 
were made from the 16th to the 25th day post‐fertilization (dpf). 
Values are expressed as mean ± SD (n = 3). Different superscripts 
indicate significant differences among densities at the same dpf 
(p < 0.01) [Colour figure can be viewed at wileyonlinelibrary.com]

a a

a
a

a

a a a

b

a
b

b b

b b

b

c

b

c
b b

b

b

b

0
10
20
30
40
50
60
70
80
90

100

16 17 18 19 20 21 22 23 24 25

M
et

am
or

ph
os

is
 (%

)

Days post-fer
liza
on

0.25 ind/ml 4 ind/ml 7 ind/ml

www.wileyonlinelibrary.com


     |  2473CARBONARA et Al.

grown under a wide range of conditions, impeding comparison of 
the obtained results. On the other hand, similar results have been 
found for other sea urchin species: Buitrago et al. (2005) tested den‐
sities from 0.25 to 1 ind/ml for Lytechinus variegatus larvae, finding 
no significant differences in terms of survival. The effects of a wider 
range of stocking densities, from 0.5 to 4.0 ind/ml, were evaluated 
for Strongylocentrotus purpuratus larvae by Azad et al. (2012), finding 
the optimal culture density for its static system to be 1.0 ind/ml, and 
observing increased mortality at higher larval concentrations.

The effect of increasing larval density observed in our study may 
be explained first of all by considering that we provided a higher 
number of algal cells per individual larva than other protocols (Azad 
et al., 2012; Buitrago et al., 2005; Carboni et al., 2012), our feeding 
ratio having been adapted following observation of larval stomach 
contents twice a day in preliminary tests. Consistent with this hy‐
pothesis, Fenaux, Strathmann, and Strathmann (1994) also found a 
positive effect of increased food availability on larval development, 
while similar survival and metamorphosis rates were obtained with 
the same feeding rate as our study (Grosjean et al., 1998) and with 
ad‐libitum feeding (Brundu et al., 2016).

In addition to feed ratio, diet type is also a key factor in suc‐
cessful larval development (Azad et al., 2010 and Azad et al., 2011; 
Brundu et al., 2016; Carboni et al., 2012). Both D. tertiolecta and 
P. tricornutum have been successfully used for P. lividus larval rearing 
(Brundu et al., 2016; Carboni et al., 2012; Grosjean et al., 1998; Liu 
et al., 2007; Vaïtilingon et al., 2001). They also achieved good larval 
development and metamorphosis in our case, when mixed and sup‐
plied in large quantities.

In our study, larvae reached competence from 18 to 22 dpf, in 
accordance with what has previously been reported for P. lividus 
(Gosselin & Jangoux, 1998; Grosjean et al., 1998; Liu et al., 2007). 
However, differences in the time needed to achieve competence and 
the ability to complete metamorphosis were observed as a function 
of density (Figure 2). Indeed, the positive response to the inducing 
solution was first obtained (18 dpf) in larvae reared at 0.25 ind/ml. 
However, they retained this ability for a shorter time than those 
reared at the two higher densities, showing metamorphosis rates 
of around 70% but never reaching the 90% recorded for the two 
higher densities. Faster achievement of competence as a result of 

greater food availability has been reported in sea urchins (Fenaux et 
al., 1994; Sewell, Cameron, & McArdle, 2004). On the other hand, 
Vaïtilingon et al. (2001) demonstrated that overfed competent lar‐
vae may allocate the energy acquired from the food to non‐meta‐
morphic processes, thus reducing metamorphosis success rates. 
It may thus be supposed that the high feeding rate adopted in our 
rearing trials could account for the faster development of the lar‐
vae reared at 0.25 ind/ml and for their early loss of competence, as 
well as for the absence of a density‐dependent delay in competence 
achievement in the larvae reared at 4 and 7 ind/ml, which has been 
reported in previous studies of echinoderm larvae (Azad et al., 2012; 
Buitrago et al., 2005). Moreover, a shortening of the post‐oral arms 
in Psammechinus miliaris larvae was observed as a consequence of 
over‐feeding (Kelly, Hunter, Scholfield, & McKenzie, 2000). Even if 
in this study larval growth was not considered as evaluation param‐
eter, at the same time of the survival rates assessment (16 dpf), the 
overall larval length (Liu et al., 2007) was measured in 30 compe‐
tent larvae for each experimental density. Consistently with Kelly et 
al. (2000), smaller larval lengths were observed in larvae reared at 
0.25 ind/ml (629 µm ± 53), in respect to those reared at 4 and 7 ind/
ml (795 µm ± 80 and 729.52 µm ± 52 respectively).

Rearing tank volume and geometry are of crucial importance 
to both adult and larval performance. Indeed, despite the higher 
handling and management costs of large‐scale rearing systems, a 
positive correlation between vessel volume and larval quality and 
survival has been reported for many species. Small rearing volumes 
can negatively affect larvae due to their low buffering capacity, as 
well as their different hydrodynamics, which may influence the set‐
tlement of algae, making them more or less available for larval con‐
sumption, while in larvae capable of active movement it could alter 
feeding activity (Backhurst & Harker, 1988; Lika, Pavlidis, Mitrizakis, 
Samaras, & Papandroulakis, 2015; Ruttanapornvareesakul, Sakakura, 
& Hagiwara, 2007). The rearing vessels used in our trials, transpar‐
ent 50 L polyethylene bags, resulted in survival and metamorphosis 
performances comparable to those obtained for the same species in 
both small‐scale (Brundu et al., 2016) and large‐scale (Grosjean et al., 
1998; De La Uz et al., 2013) systems. As a medium‐scale rearing sys‐
tem, it represents a good compromise between management effort 
and production efficiency. Indeed, to our knowledge, it is the first 

Larval concen-
tration (ind/ml) Volume (L) Survival (%) Metamorphosis (%) Reference

0.25 200 56 80.4 Grosjean et al. (1998)

0.25 200 – 11–73 De La Uz et al. (2013)

0.25 50 47.6 19.4–72.5 This study

1 100 – 28.2 Paredes et al. (2015)

1.5 60 67.8–75.6 10–50 Liu et al. (2007)

1.5 5 72.8–84.6 15–45 Brundu et al. (2016)

4 80 5.2–14.4 – Carboni et al. (2012)

4 50 64.5 20.3–95.4 This study

7 50 57.8 27.2–88.7 This study

TA B L E  2   Survival at competence 
and metamorphosis rates reported in 
literature for Paracentrotus lividus larvae 
reared in different volumes and at 
different stocking densities in comparison 
with those obtained in the present study. 
Details regarding the other experimental 
conditions were not reported in the 
present Table
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time that metamorphosis rates of 80%–90% have been obtained for 
P. lividus larvae reared at stocking densities above 2 ind/ml (Table 2). 
On the other hand, since post‐settlement survival rates have been 
found to depend also on larval rearing conditions, especially on the 
energy stored during the larval stage (Mos, Cowden, Nielsen, & 
Dworjanyn, 2011; Vaïtilingon et al., 2001), further studies will seek 
to evaluate the post‐metamorphosis performance of larvae reared 
under our experimental conditions.

Larval metamorphosis success may be highly variable also de‐
pending on the settlement inducers (Mos et al., 2011; De La Uz et 
al., 2013). Sea urchin larvae have been found to settle and metamor‐
phose in response to a variety of environmental factors, including 
the presence of macroalgae, microbial or diatom‐based biofilms and 
conspecific adults, as the bioactive compounds triggering metamor‐
phosis may be released from algae or from their epiphytic biofilm 
(Dworjanyn & Pirozzi, 2008; Mos et al., 2011; Swanson et al., 2012; 
De La Uz et al., 2013). As sea water conditioned by the presence of 
conspecific adult specimens fed on Ulva spp. has been found to in‐
duce metamorphosis in P. lividus larvae (Gosselin & Jangoux, 1998), 
in our previous experiments (Carbonara et al., 2018) we assumed 
that grazed algal fragments release dissolved chemical cues, in ac‐
cordance with what reported for other sea urchin species (Swanson 
et al., 2012). Therefore, in order to mimic the decomposing algal 
conditions arising from the sea urchins’ grazing activity, we ground 
Ulva spp. fragments in a mortar and used the obtained solution 
(GUS) as metamorphosis inducing factor. The presence of inducing 
factors in the GUS is also proven by the absence of metamorpho‐
sis in control samples (FSW), consistently with what is reported for 
P. lividus and other sea urchin species (Swanson et al., 2012; De La 
Uz et al., 2013).

Finally, it is well‐known that sea urchin larval quality also de‐
pends on broodstock rearing conditions (Fabbrocini & D'Adamo, 
2011; White, Dworjanyn, Nichols, Mos, & Dempster, 2016). The 
recirculating system used here to induce gamete maturation in the 
sea urchin broodstock required relatively low management effort 
and costs, supporting the production of a considerable amount of 
good‐quality embryos, which in turn enabled the promising results 
obtained in terms of metamorphosis.

5  | CONCLUSIONS

Summarizing our results, it may be concluded that stocking density 
has a significant effect on P. lividus larval growth. Under the tested 
rearing conditions, a density of 4 ind/ml can be considered to per‐
form better than 7 ind/ml, as the former saw metamorphosis rates 
exceed 70% from 19 dpf and the latter from 21 dpf.

The algal diet, a mix of D. tertiolecta and P. tricornutum provided 
in abundant quantities, was found to support fast larval develop‐
ment even at the highest tested stocking density.

The medium‐scale rearing system used here (50 L polyethylene 
bags) represents a good compromise between management ef‐
fort and production efficiency. Moreover, the semi‐static rearing 

conditions entail less larval disturbance than static rearing systems, 
without huge needs in terms of phytoplankton and water supply.

In conclusion, these rearing conditions allow the production of 
competent larvae at a stock density significantly higher than the tra‐
ditional rearing methods developed for P. lividus (which entail large 
volumes and low densities), thus supporting the feasibility of an in‐
crease in the final output of competent larvae with no increase in 
rearing volumes.
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