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Abstract: Paracentrotus lividus gonads, often referred to as “roe” or “uni” for gastronomical purposes,
are among the most appreciated seafood delicacies in the Mediterranean area and worldwide. How-
ever, the increasing demand for human consumption has caused a growing pressure on its wild
stocks, prompting the need to develop efficient aquaculture systems for its production. The set-up
of effective feeds for various life stages and optimal procedures for breeding post-larvae and adult
sea urchins still need to be improved. Here, for the first time, we aim at developing artificial feeds
for the post-larvae of P. lividus because a critical step to improve our productive skills is post-larval
growth. We tested various natural and prepared components to speed up the growth and enhance
the survival rates of post-larvae, while taking into account the abiotic and biotic factors influencing
the culture conditions in three replicate sets of tanks, characterized by different volumes. We tested
formulated feeds and compared them with the effect of fresh foods in the frame of canonical culture
practices. Our results indicated the efficiency of a feed composed of spirulina and Ulva rigida. Statis-
tical analyses demonstrated the positive impact of this diet on the growth of post-larvae, behavior
and survival rates. In addition, we demonstrated the efficacy of prepared feeds in the sea urchin
aquaculture system, because they facilitated manipulation and control of the culture procedures for
the satisfactory growth of P. lividus post-larvae.

Keywords: echinoderm; aquaculture; feed; algae; post-larvae; rearing; survival

1. Introduction

The purple sea urchin Paracentrotus lividus (Lamarck, 1816) is diffused throughout the
Mediterranean Sea and along the northeastern Atlantic coast, from Scotland and Ireland
to the Southern Morocco and the Canary Islands [1]. P. lividus is considered a key species
for several coastal communities associated with vegetated ecosystems, due to its essential
role in their food webs [2]. In addition, it is often the dominant herbivore of shallow reefs,
and its removal can impact the associated communities [3]. The feeding preferences of
purple sea urchins vary according to their size and the diversity and abundance of the
plant cover [4]. The edible part of the sea urchin, named “roe”, is represented by gonads,
which are made of somatic cells (nutritive phagocytes) and germinal cells (oogonia and
spermatogonia). Sea urchin roe is a highly valued food and is considered a delicacy in
the international marketplace [5,6]. The demand for roes has grown in the last decades,
hence the sea urchin natural stocks have been heavily overfished in various coastal ar-
eas [7,8]. Consequently, the interest in the production of sea urchins through aquaculture
has grown, as a necessary alternative to fishery [9,10], not only to meet the demand for
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human consumption but also to reduce the harvesting pressure on wild populations. The
identification of suitable diets and rearing methods enables the production of high-quality
gonads, available on the market throughout the year [11]. Additionally, the production
of a large number of juveniles and their subsequent introduction into the wild could be
a solution for the conservation of natural populations [3]. Sea urchins, as most marine
invertebrates, exhibit external fertilization and further spawning in the water column: fe-
male and male gametes are released simultaneously by gonopores. Gametes can be emitted
following slight modification of the environmental conditions (e.g., seasonal changes of
temperature or even mechanical disturbances) [12,13].

Most adult sea urchins are opportunistic plant feeders. P. lividus mainly feeds on
algae and seagrasses, ingesting some animal items along with plant biomass [2]. For this
reason, the set-up of a diet for adults is relatively simple, taking into account that, in
aquaculture practice, it should promote gonadal growth and quality to provide marketable
roes. Sea urchin aquaculture is a promising field, but it may be challenging. The major
bottleneck limiting the aquaculture production of various marine species is represented by
high mortality rates during larval and post-larval stages [14]. For P. lividus, post-settlement
mortality may achieve rates higher than 90%, in some cases within the first weeks of benthic
life [15].

Several attempts to improve larval survival and to develop suitable rearing methods
for post-larvae [16], as well as diets and feed ratios [17,18] were made. In addition, it
is essential to improve larval diets and feed ratios, because they also affect the survival
and growth of post-larvae [19,20]. After fertilization, larvae usually take 18–25 days to
reach the competent stage for settlement, shifting to the benthic life [21]. At this stage,
suitable environmental cues, such as the presence of macroalgae or compounds emitted
by adult conspecifics, may be important triggers to stimulate settlement [11]. While the
larval morphology changes, the benthic juvenile stage may start only after the complete
development of the mouth and anus, which become functional, along with the completion
of the digestive system. During larval growth, sea urchins modify their morphology and
feed on microorganisms suspended in the seawater. According to Lawrence et al. [22],
many species of cultured algae support the growth and development of larvae up to
metamorphosis. Rodhomonas lens, Dunaliella tertiolecta, Phaeodactylum tricornutum, Isochrysis
galbana and Cricosphera elongata are the most effective to promote the larval growth in
aquaculture plants. However, they show significant differences in terms of effectiveness
at promoting development and survival [22]. Larvae are exotrophic, yet after about 48 h
post-fertilization, they filter microorganisms in the water column, but post-larvae start to
graze algal biofilms immediately after the settlement [11].

When individuals reach a test diameter of 3–4 mm, a biofilm diet should be supplied,
containing macroalgae species such as Enteromorpha spp., Ulva spp., Saccharina spp. and
Laminaria spp. [11]. While rearing and feeding techniques for the larval stages are relatively
well developed, studies aimed at improving the quality of feeds applied to post-larval
productions have received little attention. Indeed, only a few studies focused on the post-
larval growth and survival of various species of sea urchins, and these investigations have
been carried out just within the first 10 days post-settlement [18,19]. Moreover,Taylor
et al. [23] suggested that juveniles as small as 3–4 mm can use formulated feeds for growth.
In fact, formulated feeds for juvenile sea urchins are theoretically feasible and more practical
than live, natural diets for supporting and maintaining growth in a culture, which is
important for developing a sea urchin full-cycle aquaculture industry and in line with the
aims of our research.

Despite the previous and current scientific production, the definition of the “perfect”
diet for both post-larvae and adult P. lividus is still to be obtained, and investigations
adding information to this puzzle can be useful to reach well-performing aquaculture
procedures [24]. Recently, there has been an increase in research efforts focused on the
use of microalgae, such as spirulina, for aquaculture purposes. These studies were mainly
aimed at investigating the use of spirulina, with the urge to find alternatives to fish meal
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and fish oil in compound feeds, due to their rapidly rising prices and the demand for
sustainable fisheries [25]. In general, microalgae have emerged as a natural nutritional
source for novel bioactive compounds [26], and spirulina (namely, Arthrospira platensis,
a cyanobacterium) is the most common cultured microorganism easily produced on a
commercial scale [27]. The mass culture of spirulina could be a potential solution to the
world food crisis and the global protein shortage and thus, serve as an excellent source of
proteins to replace animal-derived diets. The aim of this research is to investigate future
possibilities of developing effective formulated feeds for the post-larvae of purple sea
urchin. We performed tests on post-larval feeds formulated ad-hoc to identify the most
effective ones in terms of the survival and development of post-larvae. To this end, we
monitored the abiotic and biotic factors affecting the survival and the development of
post-larvae of P. lividus subjected to a range of formulated diets.

2. Materials and Methods
2.1. Gamete Collection and Larval Development

Adult sea urchins were collected by scuba divers around the island of Procida (Bay of
Naples, Italy) in February 2021 at 10 m depth. The collected specimens were immediately
transported in a thermally insulated box to the laboratory and maintained in tanks with
circulating sea water for ten days until testing. Gamete emission was stimulated by gently
injecting some specimens with 1 mL of 0.5 M KCl through the peribuccal membrane.
Females (identified according to Brundu et al. [28]) were positioned over beakers filled
with sterilized seawater to collect eggs. Dry sperm was collected and used for in vitro
fertilization, activated by adding sterilized seawater and counted in a cell-counting chamber
in order to mix adequate proportions of eggs and spermatozoans, to obtain successful
fertilization. We opted for a sperm-to-egg ratio of 100:1 [29]. The beakers were kept at
20 ◦C in a controlled temperature chamber on a 12/12 h light/dark cycle. Forty-eight
hours post-fertilization, the embryos reached the pluteus stage and were distributed in
equal concentrations (1.5 plutei mL−1) in 15 L plastic tanks containing 3 L of sterilized
seawater (Figure 1), because these conditions were demonstrated to assure good survival
rates and settlement capability [30]. According to the culture conditions suggested in
the literature [30,31], larvae were fed on Dunaliella tertiolecta (5000 cells mL−1) along
with a composed algal food (SHG Snow Reef, Super High Group, Ovada, Italy; www.
superhigroup.com, accessed on 30 October 2022) containing yeast, fish oils, Chlorella and
various HUFAs; they mimic the composition of natural marine snow in a suspension of
particles sized 5–10 µm [31]. Larval rearing lasted 30 days. Water renewals were assured
every one or two days and continuous aeration was assured until the complete settlement
of all survivorships. The young sea urchins, just settled, were used to test experimental
post-larval feeds.
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2.2. Feeding Experiments

Feeding tests on post-larvae were conducted in 2 L glass beakers containing 1.5 L
of sterilized seawater (Figure 1) equipped with an aeration system. One main trial was
performed, using three different diets containing various proportions of basic ingredients
to progressively improve their efficiency. All diets were offered after incorporation into
an agarose matrix, identical for all the formulations and for the controls, to stabilize the
content and avoid the excessive leaching of the dietetic components between the next
two distributions of feed, performed every three days. Water renewals were performed
every two to three days, and the control of the culture system conditions was consistently
achieved by means of abiotic and biotic measurements. The base agarose matrix preparation
consisted of the addition of 3 g of agarose (dry powder Agarose LE, Roche, USA) to 100
mL of seawater (3% agarose in weight) heated to 70 ◦C. All ingredients (Table 1) were
added prior to reaching the ambient temperature, when the agarose gel was still liquid.
Finally, the agarose mixtures were poured into Petri dishes, and, after complete gelification
at 5 ◦C, each plate was cut into small pieces of 1 g each and kept in a refrigerator at 5 ◦C.
The experiment lasted 80 days.

Table 1. The ingredient composition (weight expressed in percentage) of two diets tested on P. lividus
post-larvae, offered in an agarose matrix. Diets indicated with the letters A and B were consistently
compared to a control diet containing only the common alga Ulva rigida often used as a convenient
feeding substrate for sea urchins.

Trial

Control Diet
Agarose 3%

Ullva rigida 4%

Diet A
Agarose 3%

Ulva rigida 2%
SHG® microperle 0.3%

Biomarin Algamac Enrich® plant dry mix 1%

Diet B
Agarose 3%
Spirulina 2%

Ulva rigida 2%

As is evident, the experiment contained U. rigida as a natural dietetic item in order
to provide a control contained in the same agarose matrix as the other diets. U. rigida
also represented an attractant for some formulated diets. Samples of U. rigida were hand-
collected in shallow waters off the bay of Naples and transferred to the laboratory in tanks
containing seawater from the collection site. In the laboratory, samples were carefully
checked and washed in order to discard undesired material and fragments of other algal
species. U. rigida supplies were renewed weekly to provide fresh feeds.

The two diets used for these experiments both contained SHG® “microperle”, a supple-
mentary food contained in convenient disposable capsules and usually used for marine
invertebrates. In addition, they contained Biomarin Algamac Enrich®, a dry mix usually
adopted for pelagic marine larvae; spirulina is usually also used in the preparation of
freshwater and marine fish species feeds (Table 2).
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Table 2. Food elemental composition of spirulina (A), SHG® Microperle (B) and Biomarin Algamac
Enrich® (C).

Spirulina SHG® Microperle Biomarin Algamac Enrich®

Protein 60.0% Protein 50.0% Protein 32.5%
Fat 4.0% Fat 15.0% Fat 34.7%

Fiber 7.0% Fibers 2.0% Carbohydrates 17.6%
Ash 7.0% Ashes 20.0% Ash 10.8%

Carotenoids 3.0% Other 13.0% Moisture 4.4%

2.3. Biotic and Abiotic Measurements

Abiotic and biotic measurements were recorded regularly during the experiment to
follow the development of post-larvae and the effect of each feed. Physical and chemical
characteristics of the seawater from each tank were measured every two to three days.
Water samples were taken in 50 mL beakers from the tanks to be analyzed with the filter
photometer “AL450” by Aqualytic. Chemical analyses were conducted to evaluate the
concentrations of nitrites, nitrates, ammonium and phosphates. Temperature, dissolved O2
and salinity were measured using a precision mercury thermometer, an oxygen portable
meter ProfiLine oxi 41 3310 (WTW, Germany) and a refractometer model Bioeropeak RFT-
PA Series, respectively. A multi-parameter set XS PC 70 allowed the measurement of
pH. Each water parameter was compared with the values characterizing the local marine
environment, measured in the seawater collected at the same site as the collection of the sea
urchins. In particular, post-larval stages are very sensitive to chemical and physical stressors,
and the highest mortalities usually occur in this phase compared to the juvenile or the adult
stages. Fluctuations of temperature were avoided by performing all the experiments in a
thermostatic chamber constantly kept at 18 ◦C (Table S1 in the Supplementary Material file).

Biotic data considered to test the conditions of post-larvae were the number of post-
larvae (counted under an optical microscope) and their size (test diameter estimated using
millimetric paper). In addition, movement patterns of cultured specimens were controlled
every two days in order to relate their behavior to a normal development. The movement
patterns were evaluated using an arbitrary scale ranging from one to three, wherein: 1: low
movements; 2: moderate movements and 3: fast movements.

Growth increments of the post-larvae during the experiment were evaluated by taking
pictures of all the individuals at the start of the feeding experiment (t0), at an intermediate
time of the experiment (tf/2 = 40th day) and at the end of the experiment (tf = 82nd day)
Twenty post-larvae submitted to these measures were randomly chosen and analyzed at
these three times. Size measures were obtained using a millimetric paper positioned under
the Petri dish containing the post-larvae and observed under a stereomicroscope. The
sizes of individuals were further classified into three classes corresponding to: “<1 mm”,
“1–2 mm” and “>2 mm”.

2.4. Statistical Analyses

Data to evaluate both the numerical variation of P. lividus post-larvae and their growth
increments were tested for normality and the homogeneity of variances by the D’Agostino
and Pearson’s normality test. Further, the significance of differences among replicates was
evaluated using ordinary one-way ANOVA, and individual relationships were assessed by
means of the Dunnett’s multiple comparisons test. The size of post-larvae was assessed
at three time-intervals for each of three diets (two experimental diets and a control), and
results were reported as size-frequency histograms. The significance of differences among
diets and time intervals was evaluated by means of two-way ANOVA. Non parametric
one-way ANOVA was used to check the significance of differences in the movement pattern
score obtained from the post-larvae between treatments. A value of p < 0.05 was chosen as
a threshold for significance. Correlation matrix analysis was also performed to evaluate the
correlations between larger data sets in the same experiment, and Dunnett’s multiple com-
parisons test was used to evaluate all pairwise treatment comparisons (Tables S2 and S3).
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All data were analyzed by means of GraphPad Prism 7.0 (GraphPad Software, San Diego,
CA, USA, www.graphpad.com, accessed 30 October 2022).

3. Results

The density of post-larvae decreased progressively along the experiment for all diet
types; however, the mortality rates were significantly different. In the replicates of the
post-larvae feeding on the control diet (U. rigida), the number of specimens dropped from
20 to 14 individuals (data recorded on the 57th day) after ten days. A higher mortality was
recorded on the 67th day of the experiment, and the number of individuals kept decreasing
up to the end of the experiment (88% mortality). The mortality of post-larvae feeding on
diet B (U. rigida, SHG microperle and Algamac Enrich) was almost constant during the
whole experiment, with the only exception of the period between the 7th and 20th day. In
all replicates, a survival of 30% was recorded at the end of the experiment. Lower mortality
rates were recorded in post-larvae fed on diet B (U. rigida and spirulina). The number of
larvae was constant until the 30th day of the experiment (18 post-larvae); at this point,
mortality rates increased by 18%, yet the average number of post-larvae remained almost
constant until the end of the experiment (Figure 2).

J. Mar. Sci. Eng. 2023, 10, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 2. Mortality rates of post-larvae during the experimental period. Dots indicate the average 
number of individuals for each diet: (a) control diet (U. rigida); (b) diet A (U. rigida, SHG® microperle, 
Algamac Enrich); (c) diet B (U. rigida, 2% spirulina SHG®). 

The significance of differences among replicates was evaluated using ordinary one-
way ANOVA, and individual relationships were assessed by means of the Dunnett’s mul-
tiple comparisons test performed on the average number in the replicates feeding on the 
two diets (Table 3). Data were tested for normality by the D’Agostino and Pearson nor-
mality test (Table S2), respectively. Results showed a significant difference between the 
control diet (U. rigida) and diet B (U. rigida + 2% Spirulina), whereas the abundances of 
post-larvae feeding on the control diet (U. rigida) and diet A (U. rigida + microperle + Al-
gamac) were not significantly different at the end of the experiment. 

Figure 2. Mortality rates of post-larvae during the experimental period. Dots indicate the average
number of individuals for each diet: (a) control diet (U. rigida); (b) diet A (U. rigida, SHG® microperle,
Algamac Enrich); (c) diet B (U. rigida, 2% spirulina SHG®).

www.graphpad.com


J. Mar. Sci. Eng. 2023, 11, 154 7 of 13

The significance of differences among replicates was evaluated using ordinary one-way
ANOVA, and individual relationships were assessed by means of the Dunnett’s multiple
comparisons test performed on the average number in the replicates feeding on the two
diets (Table 3). Data were tested for normality by the D’Agostino and Pearson normality
test (Table S2), respectively. Results showed a significant difference between the control
diet (U. rigida) and diet B (U. rigida + 2% Spirulina), whereas the abundances of post-larvae
feeding on the control diet (U. rigida) and diet A (U. rigida + microperle + Algamac) were
not significantly different at the end of the experiment.

Table 3. Dunnett’s multiple comparisons test between post-larvae of P. lividus feeding on control diet
(U. rigida), diet A (U. rigida, SHG® microperle, Algamac Enrich) and diet B (U. rigida, 2% spirulina
SHG®) of the trial. Threshold p < 0.05. (* = statistically significant; ns = not statistically significant).

Dunnett’s Multiple
Comparisons Test Mean Diff. 95.00% CI of Diff. Below Threshold Summary Adjusted p Value

Control Diet vs. Diet A 0.8571 −0.5974 to 2.312 No Ns 0.2797
Control Diet vs. Diet B −2.643 −4.798 to −0.4874 Yes * 0.0176

Post-larvae feeding on U. rigida + 2% spirulina (Diet B) were the most active, ex-
hibiting higher movement scores compared to diet A (see Table S7 in the Supplementary
Material). In fact, the latter showed stable behavior compared to the post-larvae fed on
(U. rigida+ Microperle + Algamac), which were less responsive all along the experiment.
Differently, individuals fed on the control diet (U. rigida) were more responsive at the
start of the experiment, but their movement patterns completely turned off at the end of
the experiment.

Dunnett’s multiple comparisons were also performed to define statistically significant
differences in the movement scores of P. lividus post-larvae fed on different diets. Intrigu-
ingly, a significant difference was found between the control diet (U. rigida) and diet B (U.
rigida+ 2% spirulina), whereas no significant difference was found between individuals
feeding on the control diet and diet A (Table 4). Statistical differences in the movement
scores of post-larvae fed on different diets were tested by non-parametric one-way ANOVA.
The analysis indicated that diet A and diet B promoted significant differences in animal
activity (Table 5).

Table 4. Dunnett’s multiple comparisons test between movement scores of P.lividus post-larvae
feeding on control diet (U. rigida), diet A (U. rigida, SHG® microperle, Algamac Enrich) and diet B
(U. rigida, 2% spirulina SHG®) AB. Threshold p < 0.05 (** = statistically significant; ns = not statistically
significant).

Dunnett’s Multiple
Comparisons Test Mean Diff. 95.00% CI of Diff. Below Threshold Summary Adjusted p Value

Control Diet vs. Diet A −0.4286 −0.9292 to 0.07204 No Ns 0.0949
Control Diet 1 vs. Diet B −0.75 −1.195 to −0.3048 Yes ** 0.0021

Table 5. Non parametric one way Anova among movement scores of P. lividus post-larvae feeding on
Control Diet, diet A (U. rigida, SHG® microperle, Algamac Enrich) and diet B (U. rigida, 2% spirulina
SHG®). Threshold p < 0.05 (* = statistically significant).

p Value p Value Summary Are Means Significantly
Different?

0.0179 * Yes

The test diameter of post-larvae feeding on the Control diet (U. rigida) was evaluated
at the start of the third phase of the experiment (t0) when most post-larvae (62%) had a size
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between 1 and 2 mm. By the end of the experiment, post-larval size ranging from 1 to 2 mm
increased by 23.7%, and individuals larger than 2 mm accounted for 14.20% (Figure 3a; see
also Figure 4). Similar patterns were noticed on post-larvae fed on the second diet (U. rigida
+ Microperle + Algamac). Their size was between 1–2 mm in most individuals (72%). By
the end of the experiment, about 20% of post-larvae were larger than 2 mm, whereas most
of them (80%) ranged between 1 and 2 mm (Figure 3b). At the start of the experiment
with the third diet (U. rigida + spirulina), more than half post-larvae (63%) were between 1
and 2 mm, and only 35% were smaller than 1 mm. Interestingly, at tf, post-larvae wider
than 2 mm accounted for 11% of the total, while there was an increase of roughly 22% of
individuals in the range of 1–2 mm (Figure 3c).

The results of two-way ANOVA performed on the size frequency distributions of
post-larvae indicated no significant differences among treatments at all the time intervals.
The unique significant factor (at p < 0.001) was time, indicating that all treatments produced
growth during the experimental time.
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4. Discussion

This study was conducted aiming at determining the physiological responses (in
terms of growth, survival and physiologic performances) of P. lividus according to three
feed formulations, varying in quality (plant or animal source ingredients) and biochemical
composition, following the changes in environmental conditions (both physical and chem-
ical). The results reported above demonstrated that artificial diets have a potential to be
integrated and used for the feeding of post-larvae.

Previous research focused primarily on composed feeds developed for the adult
stage [32]. However, a sustainable aquaculture practice for any marine species requires
the culture of all life stages. Our findings confirmed the suggestion by George et al. [33],
indicating that artificial feeds may reduce the need for culturing phytoplankton for the post
settlement stage and provide consistency of results. In this view, artificial feeds are likely to
be more practical to use and economically efficient. It was shown that the preparation of
artificial feeds through incorporation in agarose permits a longer conservation of the feeds
and a higher stability in the seawater, as well as an easy manipulation of the doses to be
offered, and it guarantees the continuous availability of post-larval feeds, while requiring
minimum maintenance. Our findings are in line with Jangoux [34], demonstrating that the
quality of the culture environment for juveniles of P. lividus is improved by the use of a
proper “water-resistant” diet and that it is crucial for intensified echinoculture.

The growth model established with the data obtained from the results of this investi-
gation, comparing the performances of individuals fed with two different feeds, indicated
that the growth of the sea urchins can be maximized by an appropriate formulated feed. As
a matter of fact, the preparation of feeds and the determination of ratios was made easy by
the possibility of manipulation and conservation in the refrigerator, which was quite more
complex when using microalgae such as Ulvella lens or live diatoms, requiring initial labo-
ratory isolation and culture with the risk of collapse, due to external environmental factors
or accidental events. In contrast, a formulated feed for post-larvae is efficient in terms of
growth and survival rates, while facilitating an easy manipulation and a consistency of the
dietetic formulation.
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In parallel, our study confirmed the outcomes of the research conducted by Solari
et al. [35], indicating the diet efficacy of spirulina integrated within a formulated food.
In fact, we demonstrated that, notwithstanding that spirulina cannot be considered as a
“natural” food item for post-larvae of Mediterranean invertebrates, P. lividus exhibited a
clear attraction towards feeds containing spirulina by showing clear chemotactic activity,
recently demonstrated by Luis and Gago [36]. During the trial of post-larval feeding
experiments, the combination of spirulina and U. rigida in equal proportions yielded
interesting results in terms of growth, movement, survival rates and water quality (low
turbidity influence) compared to the other diet. In addition, biotic measurements indicated
that, combining the size increase and the survival rates, spirulina and Ulva mixed in
equal proportions represented the most efficient diet, resulting in the highest number of
post-larvae and the fastest size increases.

The abiotic descriptors of water also demonstrated that the physical and chemical
quality of the medium was not negatively impacted by the addition of spirulina. In con-
trast, other diets tested (e.g., diet A “U. rigida + Microperle + Algamac”) caused water
turbidity. Nonetheless, growth measurements showed a positive influence of diet A “U.
rigida+ Microperle + Algamac” on the size increments of post-larvae, in agreement with the
conclusions of Pearce et al. [37] on the efficiency of highly proteic feeds for Strongylocentrotus
droebachiensis. However, the latter study also demonstrated that feeds that easily break
down may sink to the bottom and promote conditions of anoxia, consequently leading
to increased mortalities. Assuming that frequent water changes must be assured to pre-
serve water quality, it is important to also take into consideration other factors, such as
temperature, whose increase directly affects the post-larvae survival [38]. However, despite
temperature variations, the diet B also showed the best results in terms of water turbidity
and the presence of pollutants.

An important finding to be underlined concerned the greater movement activity of
post-larvae fed on U. rigida + 2% spirulina with respect to those fed on “U. rigida + Microp-
erle + Algamac”. Considering the food elemental composition, spirulina is characterized
by a higher protein content with respect to the other components used in the two diets.
No evidence was reported in literature about the possible relationship between the food
composition and the post-larvae reactivity. Data are instead present for P. lividus adults,
demonstrating that their responsiveness was closely dependent on its nutritional state [36].
In particular, clear ability of this sea urchins was evidenced to positively discriminate
proteins, and incitants/stimulants for them were only found among proteins. It could be
the same for the post-larvae, for which the high protein content of a food could represent
an exciting stimulus for faster movement.

Our results are important for productive aquaculture purposes because this type of
feeds fulfills two major concerns of aquaculture facilities, i.e., the productive yields and
the costs of production, as indicated by [39]. In fact, the main advantages of formulated
feeds are represented by their consistent quality, besides the reduced work effort and
their easy storage, which reduce the possible seasonal concerns about feed availability.
Most studies that used formulated feeds for sea urchin aquaculture explored their effects
on mature gonadal growth, the ingestion rates and the somatic growth of adults [31,40].
In various species of sea urchins [41] the gonadal growth was faster with formulated
feeds than with fresh algal foods [42]. A recent study by Zupo et al. [31] investigated the
gonadosomatic indices, the histological features of gonads and the quality of gametes and
larvae produced by individuals reared under a range of formulated feeds. The study also
compared the effects of plant items naturally found in sea urchin typical habitats, such as
the macroalga U. rigida and the seagrass Posidonia oceanica [31,43], aiming at evaluating the
effects of five formulated diets on growth and gonadosomatic indices. This study confirmed
that formulated pellets are efficient at enhancing the production of large gonads [44] and
favored higher gonadosomatic indices as compared to the other tested diets and a natural
meal based on P. oceanica leaves [31]. However, other factors, such as gamete quality and
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individual variability, may impact the fitness of plutei and consequently the survival of
post-larvae [30].

Based on the results reported above, we conclude that an artificially formulated feed
containing equal proportions of spirulina and algae is adequate food for sea urchins in an
aquaculture environment. Such conclusions are in line with those of previous research,
demonstrating that a feasible diet for adult sea urchins should contain both animal and plant
items [32], and it produces maximum growth especially when it contains a smaller animal-
protein component (around 10%) and a larger amount of plant components (over 90%) [45].
In the case of the post-larvae herein considered, the “animal” component was successfully
replaced by spirulina, a cyanobacterium characterized by a high protein content.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse11010154/s1, Table S1. Abiotic descriptors of water quality
in beckers during the experiment trial; Table S2. Correlation matrix for abiotic and biotic measures
from replicates of control diet. Table S3. Correlation matrix for abiotic and biotic measures from
repiclates of Diet A. Table S4. Correlation matrix for different abiotic and biotic measures from
replicates of diet B; Table S5. D’Agostino & Pearson normality test on number of P. lividus post-larvae
feeding on Control diet (U. rigida), and diet A (U. rigida, SHG® microperle, Algamac enrich) and
diet B (U. rigida, 2% Spirulina SHG®). Table S6. Average values of biotic data corresponding to the
different replicates of post-larvae feeding on Control Diet, Diet A, and Diet B. Table S7. D’Agostino &
Pearson normality test on post-larvae of P. lividus movement scores on Control diet (U. rigida), and
diet A (U. rigida, SHG® microperle, Algamac enrich) and diet B (U. rigida, 2% Spirulina SHG®).
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