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Abstract: A population of sea urchins, Paracentrotus lividus, from the central west coast of Portugal
was studied to characterise their reproductive biology and possible relationships with environmental
factors. An annual gametogenic cycle was found, with a broad spawning season, from May to
November, according to a relatively synchronous gamete maturation process. Depending on the
environmental factors (temperature, photoperiod), two separate periods could be distinguished,
with more individuals maturing and spawning at the same time. When this happened, the first
event evolved when temperature rose to a critical point, and the second occurred afterwards, when
temperature decreased significantly. Notwithstanding, it was found that individuals matured later
than previously described for other populations (e.g., north of Portugal), mostly in late spring, with
a higher gonadosomatic index in May. A new classification scale was proposed for identifying the
stages of P. lividus gametogenic cycle, based on new findings. It contributed to its simplification
and easier comprehension. This study provides useful information for a differentiated sustainable
management of P. lividus, according to local conditions. Establishing a closed harvesting season
might be considered, based on the differences observed between Portuguese populations and other
European ones.

Keywords: gonadosomatic index; maturation stages; oocyte diameter; gametogenic cycle; harvest
management measures

1. Introduction

Sea urchins are known as a delicacy due to their reddish-orange gonads, commonly
named as roe in the food industry [1]. This seafood product was first appreciated in Asia,
but nowadays it is also a delicacy and has a high commercial value in North and South
America, as well as in Europe [1–5]. In Portugal, the harvest of sea urchins is focused on
Paracentrotus lividus, which is one of the numerous species of echinoderms that inhabit the
intertidal rocky habitats [6]. The consumption of P. lividus is related to traditional customs,
but the demand for this product has been growing mainly in northern coastal regions of
Portugal, where sea urchins have been sold mainly to the Spanish and French markets [3].

Sea urchins present a high tolerance to physiological pressure, enduring high salinity
levels, temperature variations, desiccation, and food shortage for long periods of time [7–9].
The existing populations determine the functioning of the biological communities where
they live due to their grazing activity [10–12], which contributes to controlling the growth
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and excessive propagation of some macroalgae [6,13,14]. In addition, adult sea urchins
often serve as shelter for small invertebrate organisms [15].

Some studies have been carried out in the north [2,12,16–19] and south [17,20,21] of
Portugal related to the harvest, biology and ecology of sea urchins. Nevertheless, research
on the central west coast of the country is very scarce [11] and not recent. In this region,
there is a sea urchin harvesting tradition in specific periods of the year related to an
international sea urchin festival and other seafood festivals. The nominal catches of sea
urchins in Portugal increased from 2013 (3 tons) to 2022 (456 tons) [22,23], meaning that the
demand for this resource has been increasing in a very significant way. The overexploitation
of the natural populations can lead to a severe stock depletion, as has already been reported
in other countries [1,24]. In this context, aquaculture may emerge as a solution to decrease
the impact of harvesting natural stocks of sea urchins. Moreover, it will contribute to a
controlled production of P. lividus, which allows the market demand to be supplied all year
round and for overexploited areas to be restocked. Therefore, it is imperative to acquire
knowledge on the P. lividus reproductive cycle, by characterising and understanding all
stages of gametogenesis and the factors influencing it.

Most echinoderms, including P. lividus, are gonochoric organisms, devoid of sexual
dimorphism with external fertilisation. Different studies have shown that, even within
the same population, individuals do not synchronise their reproductive cycle and, thus,
mature individuals are found all year round [5,25–36]. Seasonal changes in environmental
parameters (such as photoperiod and temperature) influence reproduction and game-
togenesis within and between populations, as well as the nutritional condition of the
individuals [4,17–19,37,38].

Some studies have been performed to attempt to describe the gametogenic cycle of
P. lividus in other European populations [25,28]. However, there are some differences and
discrepancies in the characterisation made by [25] and the one performed by [28]. Thus,
there is a need to make some changes and adjustments for a better description and classifi-
cation of the gametogenic stages, creating a new, simplified and comprehensive scale.

In this context, the aim of this study was to analyse the reproductive biology of the sea
urchin P. lividus from a natural population in the central west coast of Portugal. Moreover,
it also intended to understand how seasonal factors, such as temperature and photoperiod,
affect its gametogenic cycle. Thus, biometric parameters and the gonadosomatic index were
assessed for 18 months. Sea urchins’ gonads were histologically analysed for determining
sex ratio and surveying the gametogenic cycle. A readjustment of the characterisation
of the different gametogenic stages was proposed based on the descriptions of previous
works [25,28] in order to simplify and more accurately analyse the cycle. It intends to better
identify each stage and to have a more comprehensive perception of the morphology of
P. lividus gonads. The results of this study can be useful for a better understanding of the
reproductive cycle of P. lividus in function of the environmental factors. Its results were
compared with others obtained in previous studies at different geographical locations to
contribute to a better decision-making in future management plans for this resource.

2. Materials and Methods
2.1. Study Site and Sampling Method

The present study was performed on an Atlantic rocky shore at Praia do Abalo
(39◦22′12.69′′ N; 009◦23′7.07′′ W) in Peniche (central west coast of Portugal). This rocky
shore has low hydrodynamics and a diverse morphology, also containing a small sandy
area. Tides are semidiurnal and mesotidal tides (tidal range between 2 and 3.5 m). A total
of 30 sea urchins, with test diameters between 30 and 50 mm, were collected monthly for
18 months (July 2015 to December 2016) and transported to the laboratory of Aquaculture
of MARE—Marine and Environmental Sciences Centre of the Polytechnic of Leiria—in 5 L
containers filled with local sea water. Sea urchins smaller than 30 mm of diameter were
disregarded, as they were most probably sexually immature [39].
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2.2. Biometric Measurements

The sea urchins were weighed (TW) with an analytical balance (AE ADAM PGL
3002, Milton Keynes, England, ±0.01 g accuracy), and test diameter was measured with
a Vernier Calliper (Insize, code 1205-150S, INSIZE Co., Ltd., Zamudio, Spain; ±0.05 mm
accuracy). The sampled sea urchins were then dissected to remove and weigh the gonads
of all individuals.

2.3. Histology

The sea urchin gonads (n = 24 to 30 individuals per month) were fixed and preserved
in buffered formaldehyde at 4% for 24 h; then, they were dehydrated and embedded in
paraffin using a Leica® TP1020 Automatic Tissue Processor (Leica Microsystems GmbH,
Wetzlar, Germany). Afterwards, sections of 5 µm were obtained using an Accu-Cut® SRM™
200 Rotary Microtome (Sakura Finetek Europe BV, Alphen aan den Rijn, The Netherlands)
and stained with hematoxylin (Scharlab S.L., Sentmenat, Barcelona, Spain) and eosin (VWR
International, Leuven, Belgium). After the staining procedure, the slides were analysed
using a Leica® DM 2000 LED light optical microscope equipped with a Leica® MC170 5MP
HD Microscope Camera and the LAS V4.4.0 software (Leica Application Suite, Wetzlar,
Germany). The different stages of gametogenesis were then determined and characterised
as described in the next subsection, the sex ratio was determined and the oocyte diameter
(DO, n = 30 per female) was measured by its major axis.

Development of the Gametogenic Stage Scale

The study [25] identified stage I as the phase in which the resorption of relict gametes
occurs. On the contrary, in the present study, this event was considered to be the last stage
—stage VII (reabsorption). Therefore, in this study the characterisation of the gametogenic
cycle stages were adapted from the ones described in [25,28], with modifications that
allowed the following sequence of stages to be created.

Stage I—Initial phase

The gametogenesis begins, in which the first previtellogenic gametes start to appear
along the ascinal wall of the ovary/testis. Nutritive phagocytes (NPs) increase in size and
number, filling the lumen of the gonad.

Stage II—Growth

Previtellogenic gametes are surrounded by NPs, which provide the nutrients for their
development. In females, the oocytes increase in size as they absorb the nutrients.

Stage III—Premature stage

The first mature gametes begin to appear. Once the gametes are mature, they start to
move from the ascinal wall of the ovary/testis towards the gonad lumen. However, the
gametes do not mature all at the same time. Thus, many previtellogenic gametes remain
along the ascinal wall. This stage is manly characterised by the presence of gametes in
different growing phases.

Stage IV—Mature

The gonad lumen is fully occupied by mature gametes. The number of NPs is very
low, and they create a very thin layer along the ascinal wall, where some growing gametes
can still be found.

Stage V—Spawning

As sea urchins start the spawning event, mature gametes are less concentrated and
voids begin to appear in the lumen. These voids are better seen between the oocytes in
females than spermatozoa in males.
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Stage VI—Spent

The spent stage is essentially characterised by the loss of nutritive material and
internal structural organisation. The previtellogenic oocytes detach from the ascinal wall
and become loose, together with mature ova, demonstrating the internal disorganisation of
the gonad. In females, the spent stage may be difficult to identify and may even be confused
with a premature spawning. They can be distinguished by the presence of voids in the
spent stage rather than nutritive material between the oocytes, as in premature spawning.
In males, this stage is easier to identify, since only empty spaces are observed, left by the
released sperm, leaving the testis with a tracery aspect.

Stage VII—Reabsorption

The internal structure of the ovaries/testis begins to reorganise and the thickness of
the ascinal wall is reduced in both sexes. In females, relict oocytes accumulate in the lumen
and are surrounded by an eosinophilic mesh of NPs. Here, the NPs are active as phagocytes
of relict gametes, gametogenic cells and cellular debris (Pearse and Cameron, 1991). These
will promote the absorption of nutritive material. The concept is the same for males, with
the lyses of relict spermatozoa and primary spermatocytes.

2.4. Temperature and Photoperiod

Data on mean seawater temperature (◦C), monitored via oceanographic buoys closest
to the sampling site and during photoperiod (L:D hours), were provided by the Portuguese
Hydrographic Institute (IH). These data were used to analyse the associations between
these parameters and the gonadosomatic index from July 2015 to December 2016.

2.5. Data Analysis

The gonadosomatic index of P. lividus was determined as GI = gonadal weight/wet
weight × 100. The sex ratio of the population was calculated as sex ratio = number of
males/number of females.

To compare individual total wet weight (TW), gonadosomatic index (GI), gonadal
weight (GW) and oocyte diameter (DO) during 18 months of sampling (July 2015 to
December 2016), normality and homogeneity of data were assessed. Then, when these
assumptions were met, data were subjected to a one-way ANOVA to search for the existence
of statistically significant differences [40]. When differences were found, the Tukey HSD test
was performed. When no normality and/or homogeneity of data were met, non-parametric
Kruskal–Wallis tests were performed, and when differences were found, the Dunn test
was performed (when the normality of the data was not met and the sample size was
unequal) [40]. In order to verify whether there was a significant association between the sex
ratio and the months of sampling, a Chi-square (χ2) test was performed [40]. To evaluate
the relationship between environmental variables (temperature and photoperiod), gonadal
weight (GW) and gonadosomatic index (GI), Pearson’s correlation tests (r) were performed.
When applicable, the values were given as mean ± standard deviation. The confidence
level considered in the statistical tests was p ≤ 0.05. Statistical tests were performed using
the statistical program SigmaStat 4.0 (Systat Software Inc., San Jose, CA, USA).

3. Results
3.1. Biometric Data: Wet Weight and Gonadal Weight

The individual total wet weight (TW) of sea urchins varied significantly with time
(Kruskal–Wallis, H17 = 229,257; p < 0.001). Sea urchins had the highest weights in July 2015
(53.19 ± 12.72 g, Figure 1), which was statistically different from the other months (Dunn
test; p < 0.05, Figure 2), and the lowest weights in December 2015 (17.99 ± 3.43 g).
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July 2015 to December 2016 at Praia do Abalo (Peniche, Portugal).
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Figure 2. Statistical differences between the 18 months (July 2015–December 2016). (a). Total weight
(TW) (b). Gonadal weight (GW) (c). Gonadosomatic index (GI) (d). Oocyte diameter (DO). Symbol
indicates significant differences (p < 0.05).
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Gonadal weight values were also found to be statistically different over the 18 months
(Kruskal–Wallis H17 = 136,073; p < 0.05). The individuals had heavier gonads in the month
of December 2016 (4.41 ± 2.27 g, Figure 3), which was statistically different from June 2016
(Dunn test; p < 0.05, Figure 2), when sea urchins had the lowest values (1.17 ± 0.4 g).
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Figure 3. Monthly variation in gonadal weight (g) of sea urchins, Paracentrotus lividus, from July 2015
to December 2016 at Praia do Abalo (Peniche, Portugal).

3.2. Variation in Gonadosomatic Index, Temperature and Photoperiod

The gonadosomatic index (GI) was found to be different over time (Kruskal–Wallis,
H17 = 155.234; p < 0.05). The highest GI values were recorded in April 2016 (12.87 ± 6.43%,
Figure 4), and were significantly different from July 2015 and June 2016 (Dunn test; p < 0.05,
Figure 2). The month with the lowest GI values was July 2015 (4.18 ± 1.3%), which was
significantly different from the other months (Dunn’s Method, p < 0.05), with the exception
of September 2015, November 2015, January 2016, June 2016 and July 2016 (Dunn’s Method,
p > 0.05).
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Seawater temperature and average number of daylight hours followed a similar pat-
tern (Figure 4)—although with a time offset of two months—and both showed a positive
correlation (Pearson correlation r = 0.544; p < 0.05). The lowest temperatures were recorded
in February 2016 and March 2016 (13 ◦C in both months, plus 10 and 12 h of light, respec-
tively), and the highest temperature in July 2016 and August (19 ◦C in both months, plus 14
and 13 h of light, respectively). There was a strong negative correlation between the GI and
temperature (Pearson correlation r = −0.678; p < 0.05), although no significant correlation
was established between the GI and photoperiod (Pearson correlation r = −0.114; p > 0.05),
or between either of these environmental variables and the gonadal weight (temperature,
Pearson correlation r = −0.542; p > 0.05; photoperiod, Pearson correlation r = −0.218;
p > 0.05).

3.3. Variation in Oocyte Diameter

The oocyte diameter values showed statistically significant differences over the sam-
pling time (Kruskal–Wallis H (17) = 105.589; p < 0.05). This biological parameter decreased
gradually from the summer of 2015, reaching the lowest mean value in December 2015
(25.45 ± 4.22 µm, Figure 5). The oocyte diameter increased, reaching the highest values
in August 2016 (73.69 ± 16.61 µm), and decreasing again until November 2016, reaching
a minimum of 33.27 ± 8.76 µm. Overall, there was a statistically significant difference in
the oocyte diameter between the summer months and the winter months (Dunn’s Method,
p < 0.05, Figure 2).
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July 2015 to December 2016 at Praia do Abalo (Peniche, Portugal).

3.4. Population’s Sex Ratio

Regarding the population’s sex ratio, the lowest proportion was observed in September
2015 (1:3) and the highest value (2:1) in October 2015 (Figure 6). However, there were no
significant fluctuations in this parameter (χ2

(11) = 7.242; p > 0.05).

3.5. Gametogenic Cycle

All stages of the gametogenic cycle were observed during the sampled period
(Figures 7 and 8).
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Figure 7. Development stages of the gametogenic cycle observed in Paracentrotus lividus female
gonads: (A)—Stage I: cross-section of the gonad, with visible globules (GB), derived from the lysis
of non-released oocytes; noticeable nutritive phagocytes (NP) and pre-vitellogenic oocytes (PO) in
the ascinal wall; (B)—stage II: growth of oocytes and ovaries; (C)—stage III: premature ovary, with
oocytes in all stages of development, namely early formed vitellogenic oocytes (EV) and vitellogenic
oocytes (VO) that detached from the ascinal wall, as they turned into mature oocytes (O), in which
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the nucleus became more evident (N). (D)—stage IV: ovary replete with mature oocytes and a very
small number of nutritive phagocytes. (E)—stage V: ovary with loose ovules (LO), lack of nutritive
material and emergence of empty spaces, which indicated the beginning of spawning. (F)—Partial
spawning of an ovary presenting loss of the internal structure, with empty spaces (E) but with oocytes
at different stages of development, but mostly vitellogenic oocytes (VO) that eventually matured
and moved to the lumen; nutritious matter (NM) can be observed. (G)—Stage VI: post-spawned
ovary, presenting loss of the internal structure (E), which resulted in the presence of voids; oocytes
that were not released became dispersed inside the lumen, being reabsorbed later (R). (H)—Stage VII:
all the non-released vitellogenic oocytes, mature oocytes and ova will be later reabsorbed; nutritive
phagocytes concentrated in the lumen, forming an eosinophilic meshwork (EM), in order to enclose
and lyse the oocytes (L); the ovary began to reorganise. Histological slides stained with hematoxylin
and eosin (all bars = 200 µm).

J. Mar. Sci. Eng. 2023, 11, 2366 9 of 17 
 

 

ascinal wall; (B)—stage II: growth of oocytes and ovaries; (C)—stage III: premature ovary, with oo-

cytes in all stages of development, namely early formed vitellogenic oocytes (EV) and vitellogenic 

oocytes (VO) that detached from the ascinal wall, as they turned into mature oocytes (O), in which 

the nucleus became more evident (N). (D)—stage IV: ovary replete with mature oocytes and a very 

small number of nutritive phagocytes. (E)—stage V: ovary with loose ovules (LO), lack of nutritive 

material and emergence of empty spaces, which indicated the beginning of spawning. (F)—Partial 

spawning of an ovary presenting loss of the internal structure, with empty spaces (E) but with oo-

cytes at different stages of development, but mostly vitellogenic oocytes (VO) that eventually ma-

tured and moved to the lumen; nutritious matter (NM) can be observed. (G)—Stage VI: post-

spawned ovary, presenting loss of the internal structure (E), which resulted in the presence of voids; 

oocytes that were not released became dispersed inside the lumen, being reabsorbed later (R). (H)—

Stage VII: all the non-released vitellogenic oocytes, mature oocytes and ova will be later reabsorbed; 

nutritive phagocytes concentrated in the lumen, forming an eosinophilic meshwork (EM), in order 

to enclose and lyse the oocytes (L); the ovary began to reorganise. Histological slides stained with 

hematoxylin and eosin (all bars = 200 μm). 

 

Figure 8. Development stages of the gametogenic cycle observed in Paracentrotus lividus male gon-

ads: (A) Stage I: cross-section of an early testis, containing primary spermatocytes (PS) along the 

ascinal wall; a high number of nutritive phagocytes (NP) began to appear. (B) Stage II: spermatocyte 

columns projected to the centre (arrows). (C) Partial spawning of a testis in stage III: nutritive 

Figure 8. Development stages of the gametogenic cycle observed in Paracentrotus lividus male gonads:
(A) Stage I: cross-section of an early testis, containing primary spermatocytes (PS) along the ascinal
wall; a high number of nutritive phagocytes (NP) began to appear. (B) Stage II: spermatocyte columns
projected to the centre (arrows). (C) Partial spawning of a testis in stage III: nutritive phagocytes (NP)



J. Mar. Sci. Eng. 2023, 11, 2366 10 of 17

in the centre and empty spaces left by released spermatozoa (V). (D) Stage III: testis filled with
mature spermatozoa (S) and largely devoid of nutrient tissue. (E) Stage IV: mature testis, filled with
mature spermatozoa (S) ready to be released. (F) Stage V: testis beginning to spawn, with voids
(V) left by the released spermatozoa (S). (G) Stage VI: spawned testis presenting loss of the internal
structure (E). (H) Stage VII: spawned testis with non-released spermatozoa that will be reabsorbed
(R); nutritive phagocytes concentrated in the lumen (L), forming an eosinophilic mesh (EM) around
the non-released spermatozoa. Histological slides stained with hematoxylin and eosin (A, B, D, E, F,
G and H’s bars = 500 µm; C’s bar = 200 µm).

In July 2015, sea urchins were mostly at the end of the reproductive season, with
gonads predominantly in stages V and VI (Figure 9). Stage V (spawning) was recorded in
the months of July 2015 (30%), August 2015 (36.4%) and November 2015, (8.3%). Stage VI
was the most observed in July 2015, in which 70% of the individuals presented spent gonads.
In the following months (September, October and November 2015), sea urchins were mainly
in stage VII (reabsorption) (42.9%, 76.9% and 50%, respectively), in which the relict gametes
were reabsorbed. In December 2015 and January 2016, the great majority of the sea urchins
were in the beginning of the gametogenic cycle (December 2015, 37.5% in stage I and stage
II; January 2016, 71.4% in stage II). In February and March 2016, stage III was the most
observed, with 80% and 75% of P. lividus being in premature stage, respectively. In the
following months, April and May 2016, sea urchins were 50% and 40% mature, respectively.
In the year of 2016, there was one extended spawning event, which started in June 2016
(with 50% of P. lividus in stage V) and lasted until November 2016 (with 10% of P. lividus in
stage V). In November 2016 and December 2016, individuals were mainly in stage I, with
60% and 50% of P. lividus reinitiating their gametogenic cycle, respectively.
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Figure 9. Monthly relative frequency (%) of gametogenic stages during the 18 months of sampling at
Praia do Abalo (Peniche, Portugal). Stage I—initial; stage II—growth; stage III—premature; stage
IV—mature; stage V—spawning; stage VI—spent; stage VII—reabsorption.

4. Discussion

Seawater temperature was found to be a preponderant factor for the gonadal growth
of P. lividus, influencing the gonadosomatic index and gametogenic development. These
relationships have also been described for other P. lividus populations in France [28,41],
Ireland [25] and Portugal [11,17,18], as well as for Loxechinus albus (Molina, 1782) in Ar-
gentina [42]. Temperature induced a reverse response on the sea urchins’ reproductive
biology indicators. When temperature started to decrease, gonadal weight and gonado-
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somatic index tended to increase, concomitant with the beginning of a new gametogenic
cycle. As the temperature increased, the gametogenic cycle came to its end, culminating
with spawning, which contributed to lowering the gonadosomatic index and decreasing
gonadal weight.

According to [28], the highest gonadosomatic index for French P. lividus populations
was recorded in early spring (March), but it suddenly declined as the temperature increased
during summer. Moreover, ref. [25] monitored two Irish populations of P. lividus for two
years (1986–1988), and detected a similar pattern. Likewise, ref. [5] verified a similar
situation for a population of P. lividus in the north of Spain from 2004 to 2005. In the present
study, the relationship between temperature and gonadosomatic index resembled the trend
described by those previous authors, being lowest in July 2015 and June 2016, increasing
during the following months, and reaching its maximum values in the spring (April 2016).
The same relationship applied for the gonadal weight and seawater temperature. In a
northern Portuguese population of P. lividus, ref. [18] observed that the gonadal weight
decreased to almost half of its value from March to June 2016 (10.3 ± 2.7 g to 5.5 ± 2.3 g,
respectively), and then slowly increased until March 2017 (15.0 ± 3.3 g). A similar pattern
was described for P. lividus on the southern coast of Portugal [17], as well as the population
from Brittany (France) studied by [28]. Accordingly, the present study registered the highest
gonadal weight during the transition from winter to spring and lowest in the transition
from summer to autumn.

In addition to temperature, photoperiod also seemed to influence the gonadal growth,
gonadosomatic index and gametogenic development of P. lividus. In this study, it was
noticeable that gonadosomatic index and gonadal weight tended to increase with shorter
daylength, although no statistically significant association was found between photoperiod
and those two parameters. These relationships have been demonstrated in previous
studies on other sea urchins such as Strongylocentrotus purpuratus (Stimpson, 1857) [43],
Strongylocentrotus droebachiensis (O.F. Müller, 1776) [44] and Loxechinus albus [42]. Previous
laboratory studies [37,45] found that temperatures above 20 ◦C, combined with short
daylength promoted the gonadal growth of P. lividus. Moreover, ref. [46] also found that
P. lividus from the Gulf of Tunisia tended to increase the gonadal weight, in its natural
environment during the colder months of the year with shorter daylength.

Seasonal abiotic factors, such as water temperature and photoperiod, play an impor-
tant role in gametogenic development, influencing the maturation periods and spawning
events. Thus, when variations in gonadal growth and/or gonadosomatic index are ob-
served, they are usually related to the stage of gametogenic development of the sea urchin
gonads. Accordingly, a decrease in gonadal weight was observed in the months of Septem-
ber, October and November 2015, which was related to the absence of gametes. Those
individuals were mostly in the reabsorption stages (with 42.9%, 76.9% and 50% of the sea
urchins in stage VII, respectively, for each of those months). The same occurred in June
2016, when 50% of sea urchins were in the spawning stage (stage V), and in July 2016, when
70% of P. lividus were in the spent stage (stage VI). This means that the sea urchins were
depleted of mature gametes in both months. P. lividus started the gametogenic cycle in
December of 2015 and in December of 2016. This month includes days with fewer light
hours (9 h), when the highest percentage of P. lividus was observed in the early stages of
gametogenic development (stage I—37.5% and 50% and stage II—37.5% and 30%, in each
year, respectively). In January 2016, the gonadal weight started to increase, reaching a
maximum value in February 2016 (3.24 ± 1.62 g), in which 80% of sea urchins were in stage
III (premature). The same pattern was observed by [5] in P. lividus from Cantabria (Spain).
At this stage, nutritive phagocytes provide the nutrients necessary for the maturation of
the gametes. This happens in the transition from stage III (premature) to stage IV (mature),
as verified by [46]. This means that the breeding season also coincides with the months in
which the temperature and photoperiod increased.

P. lividus spawning can occur once or twice a year (Table A1), and usually, it does not
involve all individuals at the same time. Still, the released gametes can serve as a stimulus
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for other adult individuals initiate the spawning process [6]. Moreover, spawning events may
present interannual differences in terms of time and frequency at the same geographical location
(Table A1). For instance, ref. [6] noticed a difference of up to four weeks for the spawning season,
in distinct years, for the same population. When two spawning events occur, the first usually
happens when the temperature rises to a critical point, and the second occurs afterwards, when
the temperature decreases significantly [6,31].

In Portugal, previous studies [11,17–19] recorded only one spawning event per year,
whilst in this work, there seemed to be a trend towards two spawning events, depending on
the environmental conditions and based on the observations of 2015. Spawning occurred
mainly in July and August of that year, and no individuals were found in stage V for
the next two months (September and October 2015). Sea water temperature did not
present significant changes until then. But, 8.3% of the individuals reappeared in the
spawning (stage V) in November 2015, coinciding with a significant decrease in the sea
water temperature. Although stage V sea urchins constituted a lesser percentage than
the individuals observed during the summer, this record can be considered a second
spawning event. The sudden drop in temperature could have acted as a stress signal,
which may have triggered sea urchins with a delayed gametogenic cycle to spawn as
a last chance to reproduce and start a new cycle. In fact, there were still P. lividus at
the premature stage (III) in September 2015 and at mature stage (IV) in October 2015 to
support this theory. In the following year, the temperature started to decrease steadily
from September to December 2016, leading to a single spawning event extended for a long
period of time (until October 2016, but accentuated in June–August 2016). This observation
reinforced the fact that spawning is an unpredictable event and highly subordinated to
environmental factors—in this case, temperature. It appears to be a fast phenomenon, as
some sea urchins were at the spent (VI) and reabsorption (VII) stages at the same time as
the first mature (stage IV) and spawning (stage V) individuals. As in the present study,
ref. [5] observed the same pattern for the appearance of P. lividus in the reabsorption (stage
VII—replacement of nutritional reserves—from September–November 2004), in the Bay of
Biscay (north of Spain). Moreover, they also observed some P. lividus individuals in stages I
and III, between two spawning periods, as in September–November 2015 from the present
work. These observations indicate the beginning of a new gametogenic/reproductive cycle.
The study from [47] suggested that two reproductive cycles can occur, since gonads can
develop a new gametogenic cycle and present early stages of maturation between the
two spawning events.

Echinoderms are known to release their gametes as a response to stress factors, which
may be the reason why they partially empty their gonads and produce a new spawning
event later. Thus, this reinforces the idea that P. lividus produced a single gametogenic cycle
per year. But, under specific environmental conditions, many sea urchins may undergo
simultaneous spawning, allowing distinct events in time to be distinguished, which may
result in the recognition and follow up of two distinct cohorts in future population dynamics
studies. In addition to temperature and photoperiod, hydrodynamic conditions may have
been another important factor. Although this factor is seldom monitored and taken into
account, it may have induced stress periods, in which many sea urchins may have been
forced to release their gametes, even if partially, at the same time. This could account for
the differences observed regarding other northern and southern Portuguese populations, in
which a single spawning event was registered [11,17–19]. Therefore, hydrodynamics should
be considered in future studies concerning the population dynamics and reproductive
biology of sea urchins.

In terms of oocyte size, ref. [25] measured diameters from 10 to 50 µm in the early
stages of the gametogenic development and maximum sizes up to 90 µm in the premature
and spawning stages. This indicated that in the early stages, previtellogenic oocytes
increase over time during the development of the gametogenic cycle. The present study
showed that P. lividus were mostly at the early gametogenic stages (I and II) in December
2015, and their oocytes had a 25.45 ± 4.22 µm diameter. Then, there was a progressive
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increase in the number and diameter of the oocytes up to 69.79 ± 8.13 µm until May
2016. This value coincided with the highest percentage of mature individuals (stage IV
= 40%). From May 2016 onwards, the mean oocyte diameter decreased, probably due to
the permanence of relict oocytes after a yearly partial spawning, since some sea urchins
had already undergone the spent stage (VI). However, a maximum mean oocyte diameter
was recorded (73.59 ± 16.62 µm) in August 2016, coinciding with the highest percentage
of spawning individuals (V). These measurements were lower than those found by [25].
Nevertheless, they fit into the values published by the previous authors, especially within
the initial stages I and II. Also, the presence of small oocytes was observed in all stages of
the gametogenic cycle, throughout the sampling period, as previously reported for this
species [25,48].

It was decided to readjust the characterisation of the different stages of P. lividus
gonads, adapted from the descriptions of [25,28], as some discrepancies were found be-
tween them, and new observations/discoveries emerged during this work. Regarding
the order of events and identification of the different gametogenic stages, those authors
followed the same reasoning. Ref. [25] described the recovery stage I as the stage in which
gametes not released during spawning were reabsorbed and new ones started to emerge.
In the present study, it was decided that the gametogenic stages should be described be-
ginning with the emergence of the first gametes and ending with the absorption of relict
oocytes/spermatozoa. The fact that these two events have distinct histological characteris-
tics supports the opinion that they should not be considered as the same stage, but as two
different ones. Consequently, this work reports stage I (initial phase) as the surge of the first
immature gametes, whilst the reabsorption of gametes corresponds to the last stage—stage
VII (reabsorption). Moreover, as more histological sections were being observed, new
findings were noticed, not yet described by other authors, especially those corresponding to
post-spawning events. The gonads undergo various transformations from spawning to the
start of a new gametogenic cycle. Thus, it was decided to characterise and identify them for
a better understanding of gametogenic development, proposing the spent stage, stage VI,
prior to the reabsorption stage (now stage VII). Post spawning is essentially characterised
by the loss of both nutritional material and internal structural organisation. In females,
the spent stage (VI) can be difficult to identify, and can even be confused with premature
spawning, as the oocytes detach from the wall and become loose, demonstrating the loss
of the gonads’ internal structure. This stage can only be distinguished from premature
spawning due to the existence of voids and absence of nutritional material between the
oocytes. In males, this stage is easier to identify, as only empty spaces left by the released
sperm are visible, granting a lacy appearance to the testis. The objective of reorganising the
gametogenic stages was to simplify the characterisation of the P. lividus gametogenic cycle
and contribute to its better understanding, facilitating the identification of each stage and a
more comprehensive perception of the morphology of its gonads.

Considering the information gathered by several authors [32,48–50], the high number
of nutritive phagocytes in the early stages of the gametogenic cycles gives a firmer structure
to the gonads. At this point, P. lividus gonads are dense, firm and pleasant-tasting, whereas
the higher number of mature gametes in the gonads (mature stage—IV) makes them very
fragile, lacking firmness and unpleasant-tasting. Therefore, it is best to harvest sea urchins
in the beginning of spring in Portuguese territory, when the average seawater temperature
begins to increase and sea urchins have premature gonads. Thus, sea urchin harvesting is
characterised by being seasonal. But, it may differ slightly from year to year, depending
on the influence of environmental factors (mostly temperature and photoperiod, but hy-
drodynamics as well) over the population dynamics, reproductive biology and secondary
production of P. lividus. On the other hand, the fact that most captures happen in spring
brings up another issue: if harvesting coincides with the spawning period, it can have a
severe impact on the species reproductive output [17,48]. Then, it endangers the stock, with
possible consequences for biological communities (altering their structure), contributing
to biodiversity loss and impairing ecosystem functioning. Therefore, effective legal reg-
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ulations for harvesting sea urchins are important. In Portugal, there is a legislation that
stipulates a maximum of 50 kg of sea urchins per person [51] and a minimum conservation
reference size of 50 mm for test diameter [52]. In the study [17], additional management
measures were proposed, namely an eventual establishment of a closed season (no-take
period) during spring, near the end of the harvesting season, comprising the peak of gamete
release by P. lividus. This will allow spawning and promote recruitment, with limited im-
pact on the harvest activity. On the central west coast of Portugal, the closed season should
be extended to the summer, as this study observed spawning throughout July and August.
This suggestion seems to be the best alternative to complement the current legislation. In
addition, juvenile reseeding strategies could be another management measure for achieving
sustainable stock, and are already being tested in Portugal, using shelters and a calcein
tagging method [53].

Nonetheless, further studies are required to assess the P. lividus distribution, popula-
tion dynamics, migration patterns, growth models, diet and trophic relationships during
the different seasons of the year. Moreover, knowledge on different environmental parame-
ters that influence P. lividus reproduction is needed to fully understand its reproductive
strategies and to define the best stock management measures. In this way, it would be
possible to contribute quality data for a regulatory legislation update in order to minimise
the effect of sea urchin harvesting.
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Appendix A

Table A1. Records of spawning events of Paracentrotus lividus by different authors in several geo-
graphical locations.

Site Year Nº of Spawning Events Spawning Periods References

Bantry Bay, Ireland 1972 2 January–March
August–September [54]

Ballynahown, Ireland 1986–1988 1 May–July [25]
Glinsk, Ireland 1986–1988 1 June–July [25]

North of Brittany,
France 1968 1 March–September [7]

Brittany, France 1993–1995 1 May–August [28]
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Table A1. Cont.

Site Year Nº of Spawning Events Spawning Periods References

Villefranche, France - 2 June
October–November [41]

Villefranche, France 1984–1988 2 April–May
September–October [26]

Marseille, France - 2 June
September–November [55]

Corsica, France 1991–1992 2 March–June
September–October [29]

Bergeggi, Italy 2004 2 January–May
September–December [47]

Tavolara island, Italy 2013–2014 2 June–July
October [36]

Sínis peninsula, Italy 2013–2014 1 March–April [43]
Bistrina Bay, Croatia 2002–2003 1 March–July [33]

Bay of Biscay, Spain 2004–2005 2 March–April
July–September [5]

Bay of Biscay, Spain 2008–2009 1 April-May [56]
Gallize, Spain 1988–1993 1 April–July [27]

Torregorda, Spain 2003 1 April–July [34]
Pagasitikos Gulf,

Greece 2008–2010 2 March–April
October–November [48]

Viana do Castelo,
Portugal 2016–2017 1 May–July [18]

Carreço, Portugal 2010–2012 1 May–Jun [17]
Cascais, Portugal 1999–2000 1 May–Jun [11]
Aljezur, Portugal 2010–2012 1 May–Jun [17]

Gulf of Tunis, Tunisia 2004–2005 1 April–July [46]
Casablanca, Morocco 1999–2000 1 March–June [31]
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