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Investigations on trophic requirements of different life cycle stages of Paracentrotus lividus
are crucial for the comprehension of species ecology and for its artificial rearing. The future
success of echinoculture depends heavily on the development of suitable and cost-
effective diets that are specifically designed to maximize somatic growth during the early
life stages and gonadal production in the later stages. In this context, a considerable
number of studies have recommended animal sources as supplements in sea urchin
diets. However, with the exception of Fernandez and Boudouresque (2000), no studies
have investigated the dietary requirements over the different life stages of the sea urchin. In
the present study, the growth and nutrition of three life stages of P. lividus (juveniles: 15-25
mm; subadults: 25-35 mm; adults: 45-55 mm) were analyzed over a 4-month rearing
experiment. Three experimental diets, with 0%, 20% and 40% of animal sourced
enrichments, were tested in parallel in sea urchin three size classes. The food
conversion ratio, somatic and gonadal growth were assessed in each condition in order
to evaluate the optimal level of animal-sourced supplements for each life stage. A general
growth model covering the full post-metamorphic P. lividus life cycle was defined for each
condition. During the juvenile stage P. lividus requires higher animal supply (40%), while a
feeding requirement shift takes place toward lower animal supply (20%) in sub-adult and
adult stages. Our results evidenced that the progressive increase in size after the
metamorphosis led to a consequent variation of trophic requirements and food energy
allocation in the sea urchin P. lividus. Macronutrient requirements varied widely during the
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different life stages, in response to changes in the energy allocation from somatic growth
to reproductive investment. This study sheds light on P. lividus trophic ecology,
broadening our basic knowledge of the dietary requirements of juveniles, sub-adults
and adults as a function of their behavior also in the natural environment.
Keywords: Paracentrotus lividus, sea urchin, echinoculture, life stages, ecology and behavior, aquaculture,
feeding requirements
INTRODUCTION

The sea urchin Paracentrotus lividus (Lamarck, 1816) is an edible
echinoid, which is widespread throughout the Mediterranean
coasts and in the northeastern Atlantic, from Scotland to
southern Morocco (Tortonese, 1965). Since the time of ancient
Greece, its gonads (sea urchin roe), which are the edible part of
this organism, have been considered a seafood delicacy in the
Mediterranean Sea. Indeed, in some Italian localities, the
reddish-orange gonads of P. lividus are still called “red gold” to
indicate a luxury sea food of an intense color and unique flavor
(Sartori and Gaion, 2016). Nowadays, P. lividus is the most
commercially exploited and high market value echinoid in
Europe and its gonads can be sold for up to 150 € kg-1

(Carboni et al., 2012). The increasing market value of this
species, however, has caused the species to be targeted in the
huge spread of illegal, unreported and unregulated fishing that is
leading to the fast decline or in some cases even the collapse of
local stocks (Guidetti et al., 2004; Ceccherelli et al., 2009; Rakaj
et al., 2021). This phenomenon is very harmful also for the
biodiversity of the benthic communities where this species
inhabits since this sea urchin has an important ecological role,
strictly connected to its trophic strategy (Tortonese, 1965;
Yeruham et al., 2015). P. lividus is, in fact, a voracious and
generalist herbivore, as well as a prey for a number of fish,
starfish, and mollusks, and hence it is a key species in the
dynamics of sublittoral ecosystems (Boudouresque and
Verlaque, 2020).

In this context, aquaculture is a promising solution, offering a
sustainable alternative to wild exploitation for meeting the current
market demand (McBride, 2005; Bartley and Bell, 2008). However,
the economic effectiveness of this solution, which is a crucial factor
for the feasibility of industrial plants, is still hindered by the lack of
excellent feeds, able to guarantee sea urchin fast growth and
gonadal maturation (Spirlet et al., 1998; Cook and Kelly, 2009;
Shpigel et al., 2018; Zupo et al., 2019). In fact, food quality and
quantity to administrate at each developmental stages are still
among the main challenges in echinoculture research to overcome
the bottlenecks in commercial scale productions (Kelly, 2004). The
development of successful sea urchin aquaculture therefore
requires a basic understanding of the dietary requirements
during both planktonic and benthonic life stages. More
specifically, after the metamorphosis, the progressive variation in
sea urchin size leads to a consequent variation in dietary
requirements and food energy allocation (McCarron et al., 2009;
Boudouresque and Verlaque, 2020). Sea urchins may require
different levels of dietary protein and/or carbohydrate at different
in.org 2
life stages (Heflin et al., 2012) and the level of energy allocated for
reproduction increases with the increase in size, with a concurrent
decrease in the allocation to the test and lantern (Fernandez and
Boudouresque, 2000). Several studies have already demonstrated
that formulated feeds can better satisfy specific nutrient
requirements when compared with the food sources traditionally
used in echinoculture (e.g. macroalgae) (Pearce et al., 2002; Daggett
et al., 2005; Schlosser et al., 2005; Sartori and Gaion, 2016; Prato
et al., 2018; Ruocco et al., 2018; Santos et al., 2020a). For this
reason, modern aquaculture is turning to formulated diets with
more sustainable, low-cost and constantly available feedstuffs than
natural sources. Vegetable and animal ingredients mixed in a
formulated diet can, in fact, maximize sea urchin growth
performance, reducing time for the production of high-quality
marketable gonads (Vizzini et al., 2019). To date, several attempts
have been made to obtain a good market product using a balanced
mix of vegetable and animal sources, as alternative diets to
traditional ones (Vizzini et al., 2015; Sartori and Gaion, 2016;
Cirino et al., 2017; Fabbrocini et al., 2019; Raposo et al., 2019; Zupo
et al., 2019; Ciriminna et al., 2020; Santos et al., 2020b; Ciriminna
et al., 2021; Lourenço et al., 2021). However, as far as we know, only
Fernandez and Boudouresque (2000) focused on a comparative
investigation of the dietary requirements of the sea urchin during
different life stages. In addition, they analyzed the effects of a wide
range of fishmeal enrichment, testing vegetable, mixed and animal
feed (respectively with 0.0%, 44.7% and 89.4% of fish meal).
Although levels of animal-sourced supplements between 0 and
50% are recommended, no investigations have so far defined more
specifically the requirements of these supplements in the different
life stages of P. lividus. Hence, this issue is still crucial in order to
reduce food waste in echinoculture activities, whilst maximizing
growth performance and reducing the environmental footprint.

To address this gap, the present study aimed to evaluate the
effects of a narrow range of animal supply (0%; 20%; 40%) in a
vegetable based diet, on three size-classes of P. lividus (15-25
mm; 25-35 mm; 45-55 mm). Maize, carrots, and soy, were
selected as vegetable ingredients for the diet base due to their
complementary profiles in terms of macronutrients (Hammer
et al., 2012; Sartori and Gaion, 2016). Fish-meal was chosen as
animal supply to be tested among the different life stages because
of its large literature background on P. lividus rearing (Fernandez
and Boudouresque, 2000; Spirlet et al., 2001; Fabbrocini et al.,
2012; Sartori and Gaion, 2016; Ruocco et al., 2018; Volpe et al.,
2018; Fabbrocini et al., 2019; Zupo et al., 2019; Ciriminna et al.,
2021; Lourenço et al., 2021).

The division of sea urchins into discrete life stages is a
controversial topic in literature. Several studies, in fact, have
June 2022 | Volume 9 | Article 865450
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adopted heterogeneous criteria such as test diameter, age,
reproductive maturity or trophic behavior to classify juveniles,
sub-adults and adults in P. lividus (Sala, 1997; Grosjean et al.,
1998; Cook and Kelly, 2007; McCarron et al., 2010;
Boudouresque and Verlaque, 2020). In this study sea urchins
were allocated into three size groups (test diameter) according to
Fernandez and Boudouresque (2000). Based on their growth
phase and gonads maturity, small specimens with Test Diameter
TD < 25 mm were termed “juveniles” as they belong to the
exponential growth phase and are not reproductively active;
intermediate specimens with TD between 25 and 35 mm were
termed “sub-adults” since they belong to the end of the
exponential growth phase, but their gonads may be able to
produce small amount of gametes; large specimens with TD >
35 mm were termed “adults”, since their gonads are fully
reproductively active producing large quantities of healthy
gametes. On the basis of this division, the effect of each
experimental diet was evaluated in terms of somatic growth for
the three sea urchin size classes and in terms of gonad yield for
sub-adults and adults. In addition, these investigations were
associated with the study of the Feed Conversion Ratio (FCR),
in order to identify the best performing animal-sourced
supplement for each sea urchin size-class, able to guarantee the
highest growth with lowest food input.
MATERIALS AND METHODS

Specimen Collection and Maintenance
Three size classes of P. lividus: 15 – 25 mm (juveniles); 25 – 35
mm (sub-adults) and 45 – 55 mm (adults) were reared in a
four-month experiment (15 May - 20 September 2020). Sea
urchins of the smallest size-class (15 – 25 mm, juveniles) were
obtained by artificial reproduction, carried out in 2019 at the
Laboratory of Experimental Ecology and Aquaculture (LESA,
University of Rome “Tor Vergata”) in the frame of an
echinoderm hatchery production project (PO FEAMP 2.1
2014/2020; See Supplementary Material). The other two size
classes were collected by snorkeling (1–8 m depth) at Santa
Marinella in the central Tyrrhenian Sea, Italy (42°03′00″ North,
11°49′09″ East) in May 2020. Specimens were then transported
to the LESA inside 30 L tanks equipped with aerators and dry
ice (Rakaj et al., 2018; Rakaj et al., 2019). Once in the lab, the
specimens were acclimatized in floating baskets inside 600 L
indoor tanks (Morroni et al., 2020). Water temperature was
kept at 20 ± 0.5°C (Spirlet et al., 1998), which was the rearing
temperature also used during the experiment. Sea urchins of
each size class were starved for two weeks in the maintaining
system before undergoing the experimental trials (Prato
et al., 2018)

Experimental Design
The experiment was run in the same recirculating aquaculture
system (RAS) made up of 40 L aquaria each connected in
tandem (Grosso et al., 2021). This RAS was specifically
designed for feeding investigations, as it was equipped with
Frontiers in Marine Science | www.frontiersin.org 3
an efficient waste removal system. The water leaving the aquaria
was firstly subjected to a mechanical filtration phase in a drum
filter, in order to remove waste particles greater than 20 mm. In
the second step, organic compounds, such as proteins and
amino acids, were removed from a strong protein skimming.
In the next step, the residual particles (such as nitrogen
compounds) were retained and oxidized in fine sand filters
(first) and biofilters with moving bed media (after). In the final
filtration phase, 5 mm cartridge filter allowed fine particle
removal and a UV sterilizer eliminated bacteria load (See
Supplementary material). This rearing system guaranteed a
flow rate of 120 L h-1 (in each aquarium) and ensured similar
physico-chemical parameters: temperature (20 ± 1°C); salinity
(36 ± 1‰); pH (7.95-8.25), and natural photoperiod. Water
exchange of 50% of the whole volume was undertaken at least
twice a week using 5 mm filtered and UV-sterilized seawater.
Ammonia, nitrate and nitrite concentration were monitored
every two days by means of spectrophotometer (Hach Lange
D3900), to maintain the rearing condition within a healthy
range (Huguenin and Colt, 2002; Mortensen et al., 2012).
Additionally, pH, temperature and salinity were monitored
daily through a probe (EUTECH PCD 650).

18 sub-adults and 18 adults were sacrificed prior to the
experiment in order to assess the baseline of the Gonad Index
(GI %) at time T0. After starvation, 108 specimens of P. lividus
were sorted into the three size classes - 36 in each size class - by
measuring their test diameters with a digital calliper ( ± 0.01
mm accuracy). Then each size class was reared separately, with
juveniles, sub-adults and adults allocated in different 40 L
aquaria, inside perforated single floating baskets (Figure 1).
The mean test diameter and wet weight of the three size classes
at the beginning of the experiment are shown in Table 1.

Diet Preparation and Feeding Parameters
Three experimental diets were tested in this study:

• D-0 (0% fish meal, 100% vegetables)
• D-20 (20% fish meal, 80% vegetables)
• D-40 (40% fish meal, 60% vegetables)

Carrots, maize and soy were employed to make up the
vegetable base of all the experimental diets. In each diet,
119.80 g (carrots), 33.73 g (maize) and 46.46 g (soy)
respectively, were used to obtain the same proportion (1: 1:
1) of vegetables in dry weight (Table 2) (Grosso et al., 2021).
The vegetables were steamed, blended and extruded with
different levels of fish-meal enrichment (0%, 20% and 40%)
using agar-agar (Nature et Plantes - St Paul Les Dax, France) as
a binder to minimize food dispersion (Fabbrocini et al., 2012;
Volpe et al., 2018). All diet ingredients were certified for human
consumption complying the HACCP principles. The mixtures
were rolled out into moist blocks (1 cm x side) and
administered fresh to the sea urchins. Each week, the diets
were freshly prepared and stored at 4°C to preserve the
nutritional profile and avoid bacteria growth. Diets were
administered once a day ad libitum (around 1% of sea
urchins weight in food dry weight) to sea urchins of each
June 2022 | Volume 9 | Article 865450
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size-class. Over a period of four weeks (one week for each
month), the ingestion was calculated for each specimen by
weighing the administered food (wet weight) and leftover food
produced after 24 h (in dry weight). The conversion of
Frontiers in Marine Science | www.frontiersin.org 4
administrated food from wet to dry weight was obtained
weekly by drying 5 replicates for each diet. Finally, the Feed
Conversion Ratio (FCR) was calculated by combining sea
urchin ingestion and growth data.
FIGURE 1 | Representation of the experimental design: above the three experimental diets administrated, D-0 (100% vegetables, 0% fish meal); D-20 (80%
vegetables, 20% fish meal); D-40 (60% vegetables, 40% fish meal), and at each level the respective P. lividus size classes, juveniles (15-25 mm); sub-adults (25-35
mm); adults (45-55 mm). Twelve sea urchins were employed in each condition, individually placed in feeding boxes within same RAS.
TABLE 1 | Biometric measures (mean ± SE) and growth performances of P. lividus size classes fed with the three experimental diets (D-0, D-20 and D-40).

Biometric variables Sea urchin size-classes

Juveniles Sub-adults Adults

D-0 D-20 D-40 D-0 D-20 D-40 D-0 D-20 D-40

WWT0 (g) 6.58 ± 0.45 7.36 ± 0.66 6.61 ± 0.68 14.19 ± 0.82 12.74 ± 0.55 15.03 ± 0.72 56.70 ± 2.82 57.68 ± 2.83 63.05 ± 3.12
WWT1 (g) 10.67 ± 0.77 13.67 ± 0.95 12.09 ± 1.25 21.21 ± 1.19 21.38 ± 0.58 24.66 ± 0.89 62.85 ± 3.07 66.80 ± 3.45 71.03 ± 3.41
TDT0 (mm) 20.23 ± 0.78 21.62 ± 0.84 20.89 ± 0.70 29.79 ± 0.80 29.94 ± 0.29 31.05 ± 0.47 50.04 ± 0.85 50.18 ± 0.76 50.22 ± 0.82
TDT1 (mm) 27.72 ± 0.87 30.78 ± 0.67 29.73 ± 0.92 34.44 ± 0.70 34.66 ± 0.35 36.46 ± 0.59 52.23 ± 0.83 53.70 ± 0.85 53.66 ± 0.93
GIT0 4.72 ± 0.92 4.72 ± 0.92 4.72 ± 0.92 3.52 ± 0.97 3.52 ± 0.97 3.52 ± 0.97
GIT1 10.59 ± 1.31a 18.90 ± 0.80b 18.25 ± 0.83b 7.21 ± 0.63a 13.58 ± 0.93b 8.66 ± 0.73a

SGR 0.40 ± 0.01a 0.53 ± 0.02b 0.59 ± 0.05b 0.34 ± 0.01a 0.44 ± 0.01b 0.42 ± 0.01b 0.09 ± 0.00a 0.12 ± 0.01b 0.10 ± 0.01a

FCRs 2.23 ± 0.33a 1.22 ± 0.06b 1.42 ± 0.15b 1.40 ± 0.08a 1.03 ± 0.01b 1.23 ± 0.03a 2.18 ± 0.13a 1.62 ± 0.15b 1.75 ± 0.10ab

FCRg 3.66 ± 0.42a 1.70 ± 0.08b 2.07 ± 0.11b 7.37 ± 1.40a 2.26 ± 0.31b 4.13 ± 0.51b
June 2022
 | Volume 9 | A
The different letters indicate significant differences (p <0.05) among the experimental diets (one-way ANOVA followed by Turkey’s test).
WWT0: initial somatic wet weight; WWT1: final somatic wet weight; TDT0: initial test diameter; TDT1: Final test diameter; GIT0: initial Gonad Index (%); GIT1: final Gonad Index (%); SGR:
Somatic Growth Rate (%); FCRs: Feed Conversion Ratio in wet weight; FCRg: Feed Conversion Rate in gonads.
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Growth Rates
During the experiment, diets performances were investigated
through different measurements for each life stage: in juveniles,
since gonads were immature, we focused on somatic growth
performances (Somatic Growth Rates SGR and Feed Conversion
Ration in wet weight FCRs); in sub-adults and adults, in terms of
both somatic growth (SGR and FCRs) and gonad yield (Gonad
Index GI and Feed Conversion Ratio in gonads FCRg). The somatic
growth of juvenile, sub-adult and adult sea urchins was followed,
measuring the wet weight of specimens, as described above. At the
end of the experiment, the sea urchins were starved for 48 h in order
to void their digestive tract before being weighed to calculate the
Somatic Growth Rate SGR % (Grosso et al., 2021) as follows:

• SGR : lnWf – lnWið Þ=tð Þ ∗ 100 Z

Where Wf and Wi are the final and initial wet weights (g) of
juvenile or subadult sea urchins and t represents time in days of
the experiment.

The Gonad Index GI % (Vizzini et al., 2015) was calculated
for sub-adult and adult sea urchins, as follows:

• GI : Wg=Wt

� �
∗ 100 Z

Where Wg is the wet weight (g) of the gonad and Wt is the total
wet weight (g) of the sea urchin.

Finally, combining the data collected regarding the ingestion
and growth of the three sea urchin size-classes, Feed Conversion
Ratio in gonads (FCRg) and Feed Conversion Ratio in somatic
weight (FCRs) were calculated:

• FCRg : DWi –DWfð Þ= WWfg −WWig

� �
Z

Where DWi is the total dry weight of feed added to the aquaria
and DWf is the total dry weight of the uneaten feed; WWfg and
WWig are the final and initial wet weights of sub-adult and adult
P. lividus gonads.

• FCRs : DWi –DWfð Þ= WWfs −WWisð Þ Z

Where DWi is the total dry weight of feed added to the aquaria
and DWf is the total dry weight of the uneaten feed; WWfs and
WWis are the final and initial wet weights of juvenile and sub-
adult P. lividus.
Frontiers in Marine Science | www.frontiersin.org 5
Statistical Analysis
Prior to analysis, raw data were diagnosed for normality of
distribution and homogeneity of variance by means of a Levene’s
test and a Kolmogorov-Smirnov test respectively (Whitlock and
Schluter, 2010). Samples were close to a normal distribution
(Kolmogorov-Smirnov p > 0.05) with similar variances (Levene’s
p > 0.05). One-way analysis of variance ANOVAwas carried out to
analyze the effects of experimental diets on somatic and gonadic
growth performances and the feeding parameters of each sea
urchin size-class. Where p values were generated in ANOVA,
Turkey multiple comparison tests were used to evaluate differences
among pair-wise means (p < 0.05). Local regression analysis
(LOESS) was then performed in order to estimate the Somatic
Growth Rate (%) for a continuous distribution of sea urchin test
diameters in relation to each experimental diet (Figure 3).
Statistical analyses were performed with PAST 3.0 (Hammer
et al., 2013).
RESULTS

All the experimental diets were found to be suitable to sustain the
breeding of juvenile, sub-adult and adult P. lividus. In fact,
during the experiment specimens from all the sea urchin
size-classes showed a 100% survival rate and positive somatic
or gonadal growth in all the feeding conditions. However, the
cross-comparison analysis highlighted significant differences in
growth performances among the sea urchin size classes related to
the three diets administrated.

Somatic Growth
The results of this experiment showed an overall reduction in the
somatic growth rate with the increase in the size class. In fact, in
all feeding trials (D-0, D-20, D-40), juveniles obtained the
highest values of Somatic Growth Rate (SGR%) among the sea
urchin size classes, followed by sub-adults and adults. Maximal
growth was observed for juveniles fed with the 40% fishmeal-
enriched diet (D-40; SGR = 0.59%) and the 20% fishmeal-
enriched diet (D-20, SGR = 0.53%), which did not differ each
other but were higher than SGR value obtained with the entirely
vegetable diet (D-0, SGR = 0.40%) (Figure 2). Similarly, in sub-
adults the maximal growth was obtained for D-20 (SGR = 0.44%)
and D-40 (SGR = 0.42%), while D-0 yielded a lower growth rate
(SGR = 0.34%) (Figure 2). Finally, for adult sea urchins the
highest SGR value was obtained for D-20 (0.12%), which was
higher than that obtained for D-40 and D-0 (0.10% and 0.09%
respectively) (Figure 2).

In addition, the estimation of the maximum growth of P.
lividus within a continuous distribution of test diameter for each
of the three experimental diets was carried out through local
regression analysis (LOESS) (Figure 3). The highest growth level
in the sea urchins with smaller test diameters was obtained for
the D-40 diet. However, the increase in test diameter was related
to a decrease in the requirement of animal-source in the diet, as
shown by the progressive slope inversion between the equation-
lines of D-20 and D-40 (Figure 3). In fact, the sub-adult sea
urchins obtained similar SGR % when fed with D-20 and D-40.
TABLE 2 | Formulation and proximate composition of the three experimental diets.

Experimental diets

D-0 D-20 D-40

Ingredients (%)
Fish meal 0,00% 20,00% 40,00%
Carrots 31,67% 25,00% 18,33%
Maize 31,67% 25,00% 18,33%
Soy 31,67% 25,00% 18,33%
Agar-agar 5,00% 5,00% 5,00%

Proximate Composition (%)
% carbohydrates 56.19 42.68 34.42
% proteins 18.32 29.92 37.01
% lipids 7.08 10.97 13.34
% fiber 18.41 16.44 15.23
Proximate composition source: BDA nutritional database 2021
June 2022 | Volume 9 | Article 865450
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Instead, the adults showed higher SGR values when fed with D-
20. Finally, the sea urchin of all test diameters fed with D-0
showed the lowest growth.

These results were also confirmed by the FCRs (Figure 2). In
fact, for all the three sea urchin size classes, the lowest FCRs
values were obtained for D-20 (1.23, 1.04, 1.62, respectively for
juveniles, sub-adults and adults) and D-40 (1.42, 1.23, 1.75
respectively), which did not differ each other, while values for
D-0 were significantly higher (2.24, 1.40, 2.18 respectively).

Comparison analysis across size classes evidenced that
sub-adults yielded lower FCRs in all feeding conditions
(Figure 2B). Juveniles, on the other hand, obtained lower
FCRs than adults in enriched animal diets (D-20 and D-40),
although for the entirely vegetable diet (D-0), FCRs were similar
between the two groups (Figure 2B).

Gonadal Growth
At the end of the experiment, only sub-adult and adult specimens
showed gonadal production. In fact, for these two sea urchin size
classes the final Gonad Index was significantly higher than the
initial values (Figure 2). However, ANOVA highlighted
significant differences in gonadal growth performances among
the diets administrated for each size class. Sub-adults showed
higher GI values when fed with D-20 (18.90) and D-40 (18.25)
than with D-0 (10.60) (Figure 2). Instead, the maximal value for
the adults was recorded for D-20 (13.58), which was higher than
those for D-40 (8.66) and D-0 (7.21) (Figure 2).

These results were also confirmed by the FCRg (Figure 2),
which was lower for sub-adults fed with D-20 (1.70) and D-40
(2.08) than with D-0 (3.66) and for adults fed with D-20 (2.26)
than both those fed with D-40 (4.12) and D-0 (7.36).
Frontiers in Marine Science | www.frontiersin.org 6
Finally, cross-comparison analysis evidenced that in all
feeding condition (D-0, D-20 and D-40) the GI and FCRg
detected for sub-adults were respectively higher and lower than
values obtained in adults (Figure 3).
DISCUSSION

Experimental Setting
Many animal species change their feeding habits during their
various life cycle stages, in relation to variations in their dietary
requirements. High dietary variations may occur in the transition
from the growth to the reproductive phases. In this context, animal
protein sources are very important macronutrients for omnivorous
species such as P. lividus since they provide essential amino acids
for growth and reproduction (Scheibling and Hatcher, 2013).
Several investigations have suggested the pivotal role of animal
proteins, underlining how the somatic and gonadal growth of sea
urchins fed with animal-source enriched diets were higher than
those fed with entirely vegetable diets (Fernandez and Pergent,
1998; Fernandez and Boudouresque, 2000). However, in these
studies the highest growth performances, in terms of somatic and
gonadal growth, were obtained with the mix of animal and vegetal
sources, whereas the sole animal food had no beneficial effects.
These results, although highlighting the importance of animal
supply in formulated diets, have also suggested the existence of a
specific threshold which must be still investigated in P. lividus.
Moreover, excessive amounts of animal protein may substantially
increase the costs of diet formulation and of the treatment of waste
in farming. These protein sources are, in fact, the most expensive
nutrients in aquafeeds and their use produces a high level of
A1 B1

A2 B2

FIGURE 2 | Somatic and gonadal growth performances in a four-month experiment across three P. lividus life stages (juveniles, sub-adults and adults) fed with
three different diets (D-0, D-20 and D-40) (n=12 sea urchins for each condition). (A1) Somatic growth rate (SGR); (A2) Feed conversion ratio in somatic weight
(FCRs), based in dry weight; (B1) Gonad index (GI%); (B2) Feed conversion ratio in gonads (FCRg), based in dry weight. Error bars indicate standard errors of the
means. Columns with the same letter are not significantly different (p> 0.05).
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nitrogenous pollution, which has a heavy ecological footprint and
decreases the quality of the rearing seawater. For this reason,
finding an optimal integration level of animal supply in formulated
diets is a key issue for the future development of echinoculture.

This study evaluated the adequate provision level of animal
supply in three sea urchin life stages, broadening basic
knowledge on the dietary requirements of P. lividus
post-metamorphic rearing. The experimental diets were made
up of the same vegetable base in order to investigate exclusively
the effects of animal supply variation. Vegetable ingredients
employed in this study (carrots, maize and soy) were selected
for their market availability, low price and their nutritional
profiles which can cover a wide range of dietary requirements.
Carrots were chosen for their notable b-carotene content, which
plays an important role in promoting egg production and gonad
development (Sartori and Gaion, 2016). Soy, instead, is one of
the most valuable vegetable protein sources in animal farming
(Hammer et al., 2012). Finally, maize is a rich source of
carbohydrates, which are the preferred energy source for sea
urchins, as it is for most herbivores and omnivores (Hammer
et al., 2012).

The present study was set up within a single RAS in order to
standardize the environmental conditions and allow the
evaluation of the experimental hypothesis without random
Frontiers in Marine Science | www.frontiersin.org 7
variations among the tested conditions. This investigation
approach is largely shared in current aquaculture literature and
also in echinoculture (Spirlet et al., 2001; Fabbrocini and
D’Adamo, 2010; Cirino et al., 2017; Baião et al., 2019;
Ciriminna et al., 2021; Grosso et al., 2021). Conversely, in
separate RASs a random variation in environmental factors
(such as a different microbial proliferation, anomalies in the
filtering systems, different exposure, etc.) is much more likely
than within the same recirculating system.

Furthermore, since the waste residual signature usually
represents the main bias in this type of investigation, we
adopted strict solutions to avoid their influence on
experimental conditions: i) lower biomass (< 5%) than the
actual carrying capacity of the RAS was employed; ii) gelatin
agar-agar was employed as the binder for the experimental diets
to reduce food dissolving in seawater; iii) the leftover food and
feces were removed daily from the system; iiii) a water change
was carried out at least twice a week, although the water
parameters never exceeded the healthy range during the
experimental period.

Growth Performances
During the experiment, overall somatic growth (SGR) was higher
in sea urchin juveniles than in sub-adults and adults (Figure 2).
FIGURE 3 | LOESS curves describe the relationship between weight gain and diameter of P. lividus fed with three experimental diets. Y axis: Somatic Growth Rate
of sea urchins during the four months of the experiment; X axis: diameter of sea urchins at the beginning of the experiment.
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These results are in agreement with the asymptotic model
elaborated by Grosjean et al. (2003), which gives a good
description of the growth of P. lividus. Positive results in
survivorship and growth were obtained with all the
experimental diets. However, statistical analysis highlighted
that variations in the level of animal-sourced food in the
experimental diets differentially affect sea urchin growth in the
three life stages. In fact, the cross-comparison analysis showed
significant differences in growth performance among juveniles,
sub-adults and adults, confirming that each sea urchin size-class
have specific dietary requirements.

In juveniles, animal enriched diets (D-40 and D-20)
performed better than the entirely vegetal diet (D-0), as
highlighted by both growth rate and FCRs values, lower and
higher respectively in D-0. These results suggest that P. lividus
requires a rich animal diet to promote somatic growth during
the juvenile stage, suggesting that animal supply provides
essential amino acids and fatty acids. Accordingly, Fernandez
and Boudouresque (2000) observed the highest weight gain of
the smallest size classes of P. lividus (TD: 20-25 mm) fed with
an animal-diet; and Cook and Kelly (2007) observed that P.
lividus in an IMTA experiment with Salmo salar may benefit
from a high animal-enriched diet, up to a test diameter of
25 mm.

SGR value in D-0 resulted to be similar to that achieved by
Vizzini et al. (2018), when testing L. sativa based diet. In D-20, we
obtained SGR values comparable to Lourenço et al. (2021), who
tested similar dietary animal supply (12,5%). Both these SGR
values were, however, lower than that observed in D-40 in the
present study, suggesting the better suitability of a high amount of
animal supply (around 40%) to meet the dietary requirements of
sea urchin juveniles. According to previous investigations on
different sea urchin species, juvenile growth may be maximized
with total protein levels around 20% or greater in the diets
(Akiyama et al., 2001; Pearce et al., 2002; Kennedy et al., 2005;
Heflin et al., 2016). This dietary requirement was highlighted in
our study also for P. lividus juveniles, since the highest dietary
protein levels tested (around 37% in D-40) promoted the
maximum weight gain in this life stage. Furthermore, a protein/
carbohydrate ratio of around 1:1 in D-40 yielded the best results,
indicating that in this condition juveniles may have sufficient
energy (from carbohydrates) to utilize protein mainly for growth
with a consequent protein sparing.

With regards to sub-adults, SGR, although lower than in
juveniles, was higher than in adults in each diet. This is in
accordance with general growth theory, for which energy
allocation (EA) changes with the variation in animal size.
Therefore, the proportion of food energy allocated to somatic
growth decreases with the increase in sea urchin size, whereas a
higher allocation for reproduction is observed with size growth
(Giese et al., 1966; Fernandez and Boudouresque, 2000; McCarron
et al., 2009).

Our results, moreover, showed that the best somatic growth
values in sub-adults were achieved in both animal enriched diets
(D-20 and D-40). No difference was highlighted between the two
enriched diets but both cases were significantly higher than the
Frontiers in Marine Science | www.frontiersin.org 8
value obtained with the entirely vegetable diet (D-0). These
results are comparable with those of Fernandez and
Boudouresque (2000) which suggested that the limited amount
of proteins versus the insoluble carbohydrates in vegetable meals
negatively affects the nutrient uptake of P. lividus, causing growth
to be lower with a purely vegetable diet. However, from our
investigation, it emerged that sub-adult sea urchins require less
animal supply than juveniles. This was also confirmed by the
lower FCRs data for D-20, highlighting the high efficiency of sub-
adult sea urchins consuming the intermediate enriched animal
diet (20% of animal supply).

For this size class, the diet yields were investigated also in
terms of gonadal production. Indeed, although most of the
energy is allocated to somatic growth in this life stage, the sub-
adult sea urchins show a trade-off in resource allocation between
reproduction and growth (Grosjean et al., 1998). The GI values
obtained with fishmeal enriched diets resulted higher than those
observed in D-0, highlighting the benefits of animal supply on
sub-adult growth. These results were also confirmed by
comparison with the current literature. In fact, previous studies
that administrated entirely vegetable diets to similar sea urchin
size class (Vizzini et al., 2015; Santos et al., 2020b), obtained
comparable GI values to those obtained in this study with D-0,
but lower GI compared to D-20 and D-40. Furthermore, among
the animal enriched diets tested in the present study, D-20
yielded the highest value of gonad index, as well as the lowest
value of FCRg. The gonad growth in this feeding condition was
also higher than the values obtained with 44.7% and 88.9% of
fishmeal supply by Fernandez and Boudouresque (2000). These
results, therefore, suggested the better suitability of a low amount
of animal supply (around 20%) to meet the dietary requirements
for somatic and gonadic growth in this sea urchin size class.

Considering the macronutrient proximate composition of the
experimental diets, the best growth performances in sub-adults
were achieved with dietary proteins ranging between 29.92 -
37.01%, in D-20 and D-40 respectively. This is in line with the
optimal protein range found by Fernandez and Boudouresque
(2000) and Fabbrocini et al. (2019) for this sea urchin size class.
Finally, conversely to juveniles, sub-adults benefitted from high
levels of dietary carbohydrates (42.68% in D-20). This could be
related to the different food allocation in these life stages. In fact,
sub-adults begin to be reproductively active, and most dietary
carbohydrates are generally stored in the gonads (Marsh
et al., 2013).

In adult sea urchins, the best measure of well-being is the
ability to produce healthy and large reproductive organs (Vadas,
1977). Since the adult gonads are of high market value and can be
traded, the most important goal for aquaculture production is to
guarantee high gonad quality and yields. During this life stage,
sea urchins allocate the highest level of food energy to
reproduction, and only a small part to somatic growth. In fact,
during our experiment, adult sea urchins showed the lowest
somatic growth rates of all the three size classes, although still in
line with the SGR values already found in other studies (Baião
et al., 2019; Lourenço et al., 2020). Hence, the diet which
promoted the highest gonadal production (in terms of GI%) in
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our study was assumed to be the best to satisfy the dietary
requirements of adult sea urchins, providing key information on
its feeding behaviour and nutritional needs. D-20 (20% of animal
supply) gave the best result in terms of P. lividus GI% (13,58%)
and FCRg, suggesting a better capacity of the sea urchins to
transform food input into gonad production with this diet.
Hence, 20% animal supply emerged as a threshold level for adult
sea urchins at which gonad growth is maximized, and over which
only disadvantages in terms of cost and water pollution were
observed. This finding is also corroborated by the results we
obtained with the entirely vegetal diet. Indeed, in adults, contrary
to what is observed in sub-adults, D-0 showed similar GI values to
those achieved with D-40, evidencing that adult sea urchins need a
lower animal supply than in the previous life stages. Raposo et al.
(2019) obtained comparable GI to ours in D-0, by feeding sea
urchins with maize and spinach. However, adopting the same diet,
Sartori andGaion (2016) achieved ahigher value after a four-month
experiment in RAS. The different gonad growth detected among
these studies may be related to specific experimental conditions,
such as the rearing temperature. In our study, the GI value in D-20
resulted higher than in previous investigations with predominantly
vegetable diets (Prato et al., 2018; Ruocco et al., 2018), but
comparable to those achieved with similar fishmeal supply
(Fernandez and Boudouresque, 2020; Ciriminna et al., 2021).
Conversely, Cirino et al. (2017) evidenced higher gonad growth
than we found in D-20, applying a similar animal supply (25%).
This difference is probably due to the smaller size of the sea urchin
specimens employed by the authors and/or to the macronutrient
levels and ratios in the different experimental feeding conditions.
The lipid/protein ratio in the diet tested by Cirino et al. (2017), in
fact, was significantly lower than in ours and Hammer et al. (2010)
have shown that high dietary levels of lipids (> 9%) may negatively
influence growth. Hence, further investigations are still needed to
clarify the optimal lipid/protein ratio to adopt in adult sea
urchin diets.

Summarizing our results, as far as we know, Fernandez and
Boudouresque (2000) were the only authors who compared in
parallel the effects of formulated diets on different P. lividus life
stages. Our study therefore expands on their previous
investigation, identifying more specifically the possible optimal
level of animal-sourced supplements for the three P. lividus life
stages. The diet containing 40% animal supply showed high
benefits for the juveniles, while levels around 20% performed
very well for sub-adults and adults. In addition, by apply a Local
regression analysis (LOESS) we were able to determine the most
effective diets in terms of the highest growth performances for
the full post-metamorphic P. lividus life cycle. These findings
provide a practical tool for developing efficient and sustainable
commercial feeds for P. lividus rearing, representing a guideline
on how and when to change the level of animal source
enrichment in diets during the sea urchin production phases.

General Considerations on P. lividus
Ecology and Trophic Behavior
This controlled-environment experiment, evidencing the
animal protein requirement of P. lividus, shed light also on
Frontiers in Marine Science | www.frontiersin.org 9
its feeding ecology and local-scale migratory movements.
Crook et al. (2000) suggested that daily migration between
the sides, interstices, and the upper surface of rocks is size
dependent. Previous investigations have claimed that sheltering
from predators is the driver of the migratory behavior in the
different life stages (Boudouresque and Verlaque, 2020).
However, Rico (1989) showed that the percentage of time P.
lividus spends in motion, depends on the type of food available,
although the authors didn’t find evidence of a clear relationship
with food choice. Our results corroborated this theory,
revealing that sea urchin spatial behavior may also reflect the
variations in the dietary requirements. Indeed, the juvenile
specimens live under rocks and refuges, where they can rely
on protein-rich animal food sources (i.e., sponges, bryozoans
and polychaetes). The sub-adults, instead, start performing
foraging excursions on the photic zone where both algae and
animal food sources become available. Adult sea urchins
become dominant in algal beds where they graze on
predominantly vegetal sources. This micro-habitat migration
in P. lividus closely matches the feeding requirement shift that
emerged in our study, leading us to hypothesize that this may
be the root cause or a contributing cause of the sheltering
behavior. Then, stable isotope analysis may be a promising tool
in order to further investigate this topic as a function of
resource availability and habitat features in the natural
environment (Boncagni et al., 2019; Camps-Castellà et al.,
2020; Rumolo et al., 2020)
CONCLUSION

A balanced mix of vegetal and animal sources in the diets is
highly recommended to maximize the growth performance of
the sea urchin species, reducing time to market and the
production of high quality gonads (Vizzini et al., 2019).
However, sea urchins change their feeding habits during their
life cycle in relation to variations in dietary requirement.
Therefore, finding the optimum level of animal-source
supplements in each stage of the sea urchin life cycle is
crucial in echinoculture research. Indeed, animal proteins,
despite being a very important nitrogen and amino acid
source, are also one of the most expensive nutrients in
aquafeeds and their metabolism as an energy source is highly
inefficient, producing a huge ecological footprint as a result of
nitrogenous pollution.

The results of this study provide another step towards the
development of a full life-cycle aquaculture of the sea urchin P.
lividus. More specifically, this 4-month rearing experiment
identified the optimal level of animal-sourced supplements in
the diets for three P. lividus life stages, expanding on the
investigation of Fernandez and Boudouresque (2000).
Moreover, a general growth model covering the full post-
metamorphic P. lividus life cycle was defined for each
experimental diet, providing a practical tool for the
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identification of a better level of animal-sourced supplement in
each of the sea urchin rearing phases.
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