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The purple sea urchin (Heliocidaris crassispina) is one of the main drivers of ecosystem dynamics, and its reproductive cycle plays an important role in population structure and size variability. In this study, we analyzed the population structure, gonadal developmental characteristics, reproductive cycle and other factors influencing wild purple sea urchins from December 2021 to November 2022 in Daya Bay, Guangdong, China. The results showed that purple sea urchins showed an allometric growth pattern, there were obvious seasonal variations in the population size, and fishing pressure reduced the sea urchin populations; two-factor analysis of variance (ANOVA) and correlation analyses showed negative correlations between month (M), test diameter (TD), weight (W) and gonadal index (GI) (P> 0.01), and a positive correlation between TD, weight (W), and GI (P<0.01); the gonadal development process can be divided into recovery, growth, prematuration, maturation, and late discharge, with almost synchronous development of male and female gametes; the spawning period is from April to November, which is longer than in the temperate zones, showing two spawning peaks in April and August. The time of spawning is influenced by temperature and food. Data on the breeding cycle of sea urchins in Daya Bay were obtained in this study. This information can offer theoretical assistance in the preservation and management of both artificial nurseries and wild resources.
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1 Introduction

Purple sea urchins (Heliocidaris crassispina) are marine invertebrates belonging to the order Echinodermata (G, J. S, 1936). They live mainly on the seabed of rocky reefs, gravel and sandy or rocky substrates in the shallow sea, feeding mainly on brown, red and green algae (Cárcamo, 2015). The gonads, the only edible part of the sea urchin (O’Hara and Thórarinsdóttir, 2021), contain high-quality proteins that are also rich in nutrients (Ciriminna et al., 2021) and have high commercial value. However, the number of wild sea urchins has been drastically reduced due to overfishing (Pais et al., 2011; Lawrence, 2013) and declining food resources (Yeruham et al., 2019). Currently, many studies on sea urchins have focused on reproduction (Hassan et al., 2022), food resources (Takagi et al., 2022) and the effects of environmental factors (Chi et al., 2021).

Sea urchin reproduction is influenced by various factors, including location (Urriago et al., 2016), season (O’Hara and Thórarinsdóttir, 2021), and food (Ciriminna et al., 2021). Additionally, gonadal qualities are affected by the reproductive cycle and spawning time (Xi et al., 2020). The fecundity of sea urchins is also influenced by various factors, such as their feeding patterns, food organisms, and the environments where they reside. Additionally, gonadal fecundity also varies according to shell diameter and weight, maturity of gonads, intestinal fullness, sex, and lipid content, among other factors (Zhao et al., 2016). Scholars worldwide have frequently employed the external morphology and internal organization of sea urchin gonads as the standard for the staging of gonadal development.

Fujisaki (1969) classified gonadal development in sea urchins into five distinct periods by analyzing the external morphology of the gonad and the characteristics of sectioned tissue. Similarly, Byrne (1990) subdivided gonadal development into six periods by focusing on morphological characteristics and the number of gametes. Urriago et al. (2016) identified four stages of sea urchin gonadal development by analyzing the changing activities of germ cells and trophoblasts. Environmental factors, particularly temperature and light, are crucial in influencing the reproductive cycle and spawning of sea urchins (Kong et al., 2017; Johnstone et al., 2019). Therefore, sea urchin spawning can be stimulated by manipulating these environmental factors appropriately. Temperature plays a significant role in the feeding rate, metabolic rate, and nutrient and energy utilization efficiency of marine organisms, which are processes essential for their growth (Han et al., 2023). However, the majority of current research on temperature and sea urchins is limited to laboratory settings (Wei et al., 2016; Gouda and Agatsuma, 2020), with less emphasis placed on studying the correlation between sea urchin gonadal development and temperature under natural conditions.

Sea urchins in China are predominantly studied in the northern region of the country, although the abundant sea urchin resources in the southern territory deserve research attention as well. The purple sea urchin is a vital commercially exploited species in the South China Sea (Liang et al., 2023). It resides in the low intertidal and shallow subtidal areas along the southern coast of China (Freeman, 2003) and adequately grows at a water temperature of 15~30°C and a salinity of 25~30 ppt. It has a narrow salinity adaptation range, and is a warm-temperature species of great commercial potential. Daya Bay, located in Guangdong Province, is one of the largest and most significant semienclosed bays on the coast of South China Sea (Zhu et al., 2020). Its favorable geomorphological and climatic conditions have transformed it into a crucial reserve of aquatic germplasm resources in the region (Li et al., 2016).

Currently, the majority of research on purple sea urchins in Daya Bay concentrates on artificial breeding (Chen et al., 2021), adult rearing (Chen et al., 2003), food (Xi et al., 2020), and feeding behavior (Mo et al., 2017). Insufficient attention has been given to the reproductive cycle, gonadal development and population structure. Hence, this investigation gathered specimens of purple sea urchins over various months in Daya Bay as the study area. By analyzing the changing population structure of purple sea urchins in Daya Bay, we have gained further insight into the characteristics of their gonadal development and reproductive cycle. We have also interpreted the effects of temperature and food on gonadal development. The study’s findings can provide fundamental data for the upcoming large-scale breeding of purple sea urchins.




2 Materials and methods



2.1 Study area

Throughout this research, biological samples of purple sea urchins were collected in the Daya Bay area located in Guangdong Province, China, between December 2021 and November 2022 (Figure 1, 12 stations). Each time, a total of 30-35 adult purple sea urchins were obtained. To obtain the environmental data in the sampling area, we utilized a YSI water quality meter (YSI, USA) to measure seawater temperature (T), salinity (Sal), pH, and dissolved oxygen (DO). Additionally, seawater depth data were measured with a thermocline depth sensor (CTD, USA). The months of February and March 2022 were impacted by COVID-19, and no samples were obtained during this time.




Figure 1 | The map of sampling stations in Daya Bay.






2.2 Sampling

A total of 301 purple sea urchins were collected between 2021 and 2022. The sea urchins were collected manually by divers close to the shore and immediately transported in foam boxes covered with wet cloths to the laboratory for processing. In the laboratory, any algae or shells attached to the sea urchins were removed. Measurements of diameter/length (TD mm) (horizontal test diameter excluding spines) and total body weight (TW g) were taken to the nearest 0.01 mm and 0.01 g, respectively.

The length-weight relationship of all specimens was estimated using the following equation:

	

where W is the body weight (g), L is the test diameter (TD cm), and a and b are constants. The a-value is a conditioning factor for growth, which is higher when environmental conditions such as food base and hydrology are better; the b-value is used to determine the type of growth, indicating uniform growth if there is no significant difference between the b-value and 3, and allometric growth if the opposite is true (Zhan, 1995).




2.3 Histological analysis

Fifteen to twenty individuals of the more vigorous purple sea urchins were collected monthly for gonad dissection. Their gonads were removed using dissecting tools such as scissors and tweezers, and as the sex could not be determined with the naked eye, no sex examination or recording of the gonad samples was carried out. The gonads were weighed after dissection, and an intact piece of gonad was selected and fixed in 4% paraformaldehyde fixative for 24 hours and then sent to Wuhan Service Biologicals for tissue sectioning.

Fixed purple sea urchin gonad tissues were cut into 1 cm thick sections, graded, dehydrated and embedded in paraffin according to conventional histological techniques (Delgado and Pérez-Camacho, 2005). Sections of 5 μm thickness were prepared and fixed on slides with neutral gum for H&E staining, followed by observation and recording of sex and stage of gonadal development using a light microscope (Olympus Corporation, CX22LEDRFS1, Tokyo, Japan). Gonadal development was divided into five stages according to the Fujisaki (Fujisaki, 1969) method: recovery, growth, prematuration, maturation and discharge.




2.4 Gonadal index

The reproductive cycle of purple sea urchins is influenced by fluctuations in GI. GI considers gonadal wet weight and complete body wet weight. The formula for this calculation is as follows:

	




2.5 Data analysis

The data were initially entered using Excel 2019 and then subjected to normality and chi-square tests (at 95% confidence intervals) utilizing SPSS 27.0 statistical software. Two-way analysis of variance (ANOVA) was conducted for month and sex, and statistical significance was assumed when P<0.05. Pearson Correlation Analysis was then conducted for test diameter, weight, GI and month, correlation significance was assumed when P<0.01 (Two-tailed). A correlation coefficient greater than zero is positive, and a correlation coefficient less than zero is negative. A regression analysis was conducted on length-weight equations using Origin 2022 software to establish the length-weight relationship parameters. The b-value was used to determine the growth pattern and tested against b=3 (isometric growth) via the Bailey-t test. Origin 2022 was utilized for graphing.





3 Result



3.1 Monthly sea urchin size changes

Variation in the size of purple sea urchins in different months (Figure 2) indicated that the urchins grew gradually from December to April, reaching their largest size in April. From May to November, their growth rate was slower. In this study, the horizontal diameter (excluding spines) of the purple sea urchin tests ranged from 21.41-87.18 mm. The mean diameter was 49.94 ± 0.73 mm, with 74.41% of the samples falling in the 20-55 mm range (Figure 3).




Figure 2 | Changes in H. crassispina size from month to month.






Figure 3 | Size frequency distribution for H. crassispina specimens collected from Daya Bay.



The analysis of the length-weight (L-W) relationship involved the measurement of diameter (TD or L mm) and total body weight (TW or Wt g) of purple sea urchins (Figure 4). The L-W equation obtained is W = 0.0242L1.993 (R2 = 0.8421). A t test for the coefficient of allometric growth (b) yielded a statistically significant result at the 0.01 level of significance. The value of b<3 further confirms that the growth pattern of purple sea urchins are allometric at this stage.




Figure 4 | Length–weight relationship for H. crassispina specimens collected from Daya Bay.



Correlation analysis was used to examine the relationships among factors that affect population changes (Table 1, Figure 5). The findings indicate a negative correlation (P>0.01) between the variables of month (M), test diameter (TD), weight (W) and GI. Conversely, a positive correlation (P<0.01) was found between TD, weight (W), and GI.


Table 1 | Person correlation analysis results comparing H. crassispina test diameter, weight, GI and months.






Figure 5 | Comparison of correlation between population variation factors of H. crassispina.






3.2 Gonadal developmental structure of the purple sea urchin population

The five stages of the gonadal development cycle of the sea urchin are characterized as follows (Figure 6):




Figure 6 | Stages in the annual gametogenic cycle of H. crassispina.



Stage I: Recovery

Female and male gonads are not easily distinguishable from each other in appearance; the gonads are yellowish in color and emaciated.

Female: The ovarian follicular wall is dominated by oogonia with only a few primary oocytes. The oogonia are oval or slightly spindle-shaped with large nuclei.

Male: The testicular follicular cells are dominated by spermatogonia with only a few primary spermatocytes. The spermatogonia are subrounded, and the primary spermatocytes are easily stained.

Stage II: Growth

The gonads become larger in size, but the female and male gonads remain indistinguishable in appearance.

Female: oogonia are still present in small numbers but are significantly less numerous than in the recovery phase. Primary oocytes in the follicular wall increase in number and size.

Male: Spermatogonia and spermatogonia increase dramatically in number and size, but no spermatogenesis yet.

Stage III: Premature

Male and female gonads can be distinguished by their appearance and significant size increase.

Females: develop many oocytes that turn into pear-shaped secondary oocytes. Most primary oocytes are attached to the follicular wall in grape-like clusters, while a few secondary oocytes detach from the follicular wall and develop into oogonia in the follicular lumen.

Males: The quantity of spermatocytes and spermatids increases, leading to the formation of spermatid clusters in the follicular cavity by spermatozoa.

Stage IV: Mature

The gonads are extremely well developed and brightly colored.

Female: The follicular cavity is filled with mature ova.

Male: The follicular cavity is filled with mature sperm.

Stage V: Late Emission

The gonads become thin and dark due to the discharge of germ cells. As a consequence, the appearance of both female and male gonads becomes indistinguishable.

Female: there is an enlargement of the follicular lumen, and only a few oocytes remain. Phagocytes with pseudopods appear and gradually phagocytose the remaining oocytes. The wall of the follicle shrinks and thins, causing connective tissue to emerge in the lumen.

Male: the follicular space widens, resulting in the presence of only a few spermatozoa.




3.3 Gonadal index of purple sea urchins

Purple sea urchins exhibited a cyclical process of reproduction and recovery, with a spawning peak in April and a rapid decline in May, followed by a gradual recovery, finally culminating in an August peak (Table 2) during the breeding cycle. Monthly mean GI peaks were observed in April (8.31 ± 3.45) and August (7.96 ± 3.78), with the lowest value recorded in October (2.15 ± 1.06). GI followed a comparable pattern across the year for both sexes, whereby males displayed a marginally higher mean GI than females in January, April, September, and December, while females exhibited a slightly higher mean GI than males in other months (Figure 7).


Table 2 | Mean dimensions of randomly selected mature sea urchins, including wet weight, test diameter, gonad weight, and GI.






Figure 7 | Boxplot of annual GI medians by sex, showing monthly variation, ranges, distribution skew, and outliers (white circles). Data were not available for February and March as indicated by the null line.



A significant disparity was found in the effect of month on GI (P<0.001) when assessing the differences between consecutive months by sex using a two-way ANOVA (Table 3). However, no statistically significant difference was observed in the effect of sex and the interaction of sex and month on GI (P>0.05).


Table 3 | ANOVA results comparing the H. crassispina monthly mean gonadal index between months (fixed factor, 10 levels) and sex (fixed factor, 2 levels), α = 0.01.






3.4 Changes in the developmental cycle of purple sea urchin populations

There was a strong correspondence between gametogenesis and GI, and similar patterns of gametogenesis and gonadal staging were observed between the sexes. In some months, there were overlapping stages (Figure 8). Gonadal development was predominantly in the recovery stage (Stage I) during the months of September to December, with corresponding lower and steadily increasing GI values. From May to November, the growth stage (Stage II) commenced, during which GI tended to decrease and then increase. Early maturing individuals (Stage III) demonstrated a significant increase in gonadal size from April to October, and mature individuals (Stage IV) appeared from April to November, indicating a longer spawning cycle. Mature Stage IV individuals exhibit dual peaks: one in April and the other in August. These are succeeded by late oviparous Stage V individuals from October to January.




Figure 8 | Histograms show the relative frequencies of the maturity stages of ovaries (A) and testes (B) observed in histological sections of sea urchin gonads from Daya Bay.






3.5 Impact of temperature

The mean annual temperature of the investigated sea area was 24.59°C, the mean salinity was 32.87 ppt, the mean pH was 8.35, and the mean DO concentration was 7.62 mg/L. It was found that reproductive seasonality is influenced by temperature and food abundance (O’Hara and Thórarinsdóttir, 2021). Nonetheless, there was no significant correlation observed between monthly seawater temperature and mean monthly GI values (P>0.05). The water temperature in Daya Bay (Figure 9; Table 4) varied throughout the year, with a peak of 31.17°C in August, coinciding with the second highest GI of purple sea urchins. Subsequently, the temperature gradually decreased along with a decrease in GI. In December, the water temperature reached 18.76°C, while most gonadal glands were in the late stage of oviposition and recovery. Subsequently, the water temperature gradually decreased, leading to the first peak GI in April when it was only 25.04°C.




Figure 9 | Monthly mean gonadal index values (mean ± SE) of H. crassispina and monthly mean seawater temperature (°C).




Table 4 | Person correlation analysis results comparing seawater temperature (°C) and GI.







4 Discussion



4.1 Seasonal influences on purple sea urchin population structure

The distribution of the population structure and population size of marine organisms is generally affected by seasonal changes and human activities (Qin et al., 2020; Thompson et al., 2023). In this study, the diameters of purple sea urchins were significantly different between the different months, which was in line with the studies of Qian (2021) and Li et al. (2021), who found that the growth characteristics of cod and squid were significantly affected by seasonal factors in the sea environment. Correlation analyses showed significant correlations between month, size, and GI, with a gradual increase in the size of purple sea urchins from December to April and a slow increasing trend from May to November, which was due to the seasonal differences in the developmental stage of purple sea urchins. Gonad sections showed that purple sea urchins spawned in April of the following year, and in May, when the urchins were small and the gonads were in the growth phase, the urchins developed slowly, with the growth rate accelerating each month.

Addis et al. (2012) and Bertocci et al. (2014) reported low population sizes of large-sized sea urchins (> 50 mm) and Paracentrotus lividus in Sardinia and northern Portugal, respectively, and that they are only found in protected areas or marine reserves where fishing is prohibited. Guidetti (Guidetti et al., 2004) found that unregulated fishing of P. lividus on shallow rocky reefs in the Mediterranean Sea reduced the mean size and biomass of its individuals. In contrast, the area where this study was carried out is heavily influenced by human activities, especially as purple sea urchins are an important fished species in this area, and therefore, the low number of large sea urchins may be related to fishing in this area.




4.2 Gonadal development in purple sea urchins

In this study, the investigation of the length-weight correlation in purple sea urchins revealed an allometric pattern of growth. This pattern indicated that the growth rate of the test diameter, similar to that of other sea urchin species, was higher than that of the total weight (Villalba Villalba et al., 2021; Elmasry et al., 2023). The allometric growth of purple sea urchins in the waters of Daya Bay could indicate suboptimal body conditions, which may be linked to a wide range of factors, such as pollution, low food supply, poor habitat conditions, increased fishing pressure and high predation rates. Notably, previous studies by Mon (2020) and Siddique and Ayub (2016) found that Echinometra mathaei and Liza tade in Mediterranean waters exhibited allometric growth patterns due to poor environments, supporting our current findings. Our results demonstrate fundamental consistency with previous research.

Differences in the gonadal development of organisms exist in various populations (Cui et al., 2013). In sea urchin gametogenesis, there is a close interaction between germ cells and nutrient phagocytes (NPs) (Villalba Villalba et al., 2021), and then NPs transfer nutrients to growing gametes (Rocha et al., 2019; Hernandez et al., 2020). In the context of gonadal development, the Daya Bay purple sea urchin experiences significant changes throughout the process, particularly in the primary spermatocytes, gamete counts, and the emergence of NPs. Documenting these changes is crucial to understanding the development of this species’ gonads. During the initial phases of gonadal development (stages I and II), a lower number of spermatocytes and oocytes were attached to the follicular wall. In the intermediate stages (stages III and IV), there was a gradual increase in both spermatocytes and oocytes, reaching maximum levels and completely filling up the follicular cavity, leading to a developmentally mature gonad. Phagocytosis is a notable characteristic of the final stage of ovarian development, initially emerging during the partially discharged phase (stage V) and ultimately breaking down any remaining oocytes during the emptying stage. The changes in these characteristics can precisely indicate the stage of gonadal growth of every individual purple sea urchin and the developmental status of the population as a whole during various seasons (Villalba Villalba et al., 2021).

In this study, we analyzed the differences in development periods between male and female purple sea urchins. Overall, there was not much variation in developmental rate between sexes. However, successful spawning of sea urchin colonies requires synchronous spawning for fertilization. Individual differences in development periods between males and females may be related to urchin size (Zhao et al., 2016), food (Lourenço et al., 2021), and temperature (Ding et al., 2020).




4.3 Reproductive period of purple sea urchins and factors

The spawning cycles of marine organisms exhibit diverse patterns. For instance, spawning in fish can be either one-time or multiple (Li, 1994). Conversely, the reproductive cycle of oyster gonads spans one year (Chen et al., 2011). In sea urchins, reproductive seasonality is uniform among populations, with gamete growth commencing in late autumn, and most individuals maturing in summer before spawning in late summer to early autumn (Urriago et al., 2016). Water temperature is the primary environmental factor that impacts the maturation of sea urchin gonads. Over a span of three (Yatsuya and Nakahara, 2004) or four months (Kobayashi, 1969), purple sea urchins spawn in temperate waters. The study area under consideration is situated in a subtropical zone characterized by elevated seawater temperatures. Moreover, the purple sea urchin that resides in the study area has a longer breeding cycle, spanning 8 months from April until November. The onset of its spawning takes place in April, thereby revealing a cyclical breeding pattern where it spawns and then resumes the breeding cycle again. This pattern is characterized by two distinct peaks of breeding, with the major peak occurring in April and the minor peak appearing in August. Purple sea urchins in Hong Kong also have a lengthy spawning period with two separate peaks in spawning, which occur in May and September (Urriago et al., 2016). Similarly, P. lividus, the sea urchins from northern Spain, exhibit a similar pattern with two spawning periods and a prolonged spawning time lasting seven months from March to September (González-Irusta et al., 2010).

Differences in food abundance impact the size of sea urchin gonads, with urchins from macroalgae-rich regions showing higher gonadal indices (Qi, 2018). There is a distinct seasonal pattern of macroalgae abundance across the purple sea urchin’s distribution range, with notable winter abundance in comparison to summer (Urriago et al., 2016). In contrast, there is a diversity of purple sea urchin food species in Daya Bay, with some studies showing an abundance of food species in the neighboring waters of Daya Bay (Mo et al., 2017), including Sargassum hemiphyllum, Ulva lactuca and Colpomenia sinuosa. Seasonal changes have had an impact on the feeding habits of purple sea urchins. During spring, their main source of food is macroalgae, but as summer progresses, the availability of macroalgae decreases due to decomposition, resulting in smaller particles that affect their feeding behavior (Zhang et al., 2008). In autumn, however, purple sea urchins mainly feed on suspended particulate organic matter (POM) (Mo et al., 2017). During the research, the spawning period of purple sea urchins ended from spring through autumn, and the source of nutrition changed from macroalgae to POM. It was observed that the various sources of food could provide sufficient energy for gonad development in sea urchins.





5 Conclusion

The population structure and size distribution of purple sea urchins in Daya Bay are influenced by seasonal fluctuations and fishing pressure, leading to an allometric growth pattern. Purple sea urchins breed between April and November, with peak breeding seasons in April and August. Therefore, it is pivotal to decrease fishing intensity during this time to safeguard mature individuals and enhance the reproductive rate. The study’s findings can provide theoretical support for the systematic artificial breeding of purple sea urchins, the selection of high-quality gonads, and the management and preservation of their natural resources.
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