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The present study focused on investigating the population structure and breeding biology of a species of Porcellanid crab, Petrolisthes boscii (Audouin, 1826). Evaluating the population ecology of the species is essential considering its crucial role in ecological functions including the nutrition cycle and its potential vulnerability to environmental stressors. The samples were collected over a period of 12 consecutive months (from March 2019 to February 2020) in an area of 500 m2 during low tide, utilizing the catch-per-unit-effort (CPUE) method when the water receded. The collected specimens (859 individuals) were categorized into males (407 individuals), non-ovigerous females (452 individuals), and ovigerous females (303 individuals). The assessment of fecundity was conducted by measuring the egg characteristics, including the total number, size, and weight of the eggs, as well as the carapace width of the ovigerous females. There was an evident difference in size, with males (8.60 ± 2.76) being significantly larger compared to females (8.39 ± 2.46) (p < 0.001). The overall and monthly sex ratios were female-biased (1:1.17). Moreover, the size frequency distribution revealed a bimodal distribution in male as well as female individuals. Ovigerous females occurred in all the months, which shows that the species breeds continuously throughout the year, with peaks in the months of March to May and August to October. There was a significant positive relationship observed among the size of ovigerous females and their total number of eggs (130.39 ± 83.31), egg mass weight (150 ± 110 mg). The study may provide baseline information for future studies on the impacts of a continuously altering environment and the consequences of increasing anthropogenic pressure on coastal areas.
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1 Introduction

Petrolisthes boscii inhabits rocky intertidal zones, playing a significant ecological role in influencing the characteristics of the benthic community (Gebauer et al., 2007). The species is essential to the benthic environment, affecting nutrient cycling and acting as a food source for numerous predatory species (Ahmed and Mustaquim, 1974). In its megalopa stage, as a filter feeder, it aids in preserving water quality by ingesting suspended algae, hence enhancing the health of its ecosystem (Gonor and Gonor, 1973). Although P. boscii is necessary for ecological balance, environmental stressors like pollution can impact its populations, potentially affecting their rates of reproduction and survival (Roesijadi et al., 1974).

Research on population structure and breeding biology began in the early 1940s (Flores and Paula, 2002). This research primarily uncovers the patterns of species interactions and their functions within their distinct ecosystems. Such studies try to understand the genetic diversity, spatial distribution of the population, sex ratio, changes occurring in the year-round composition, breeding pattern, recruitment of juveniles, etc. (Litulo, 2005; Saher and Qureshi, 2010; Hu et al., 2015; Manzoor et al., 2016). Knowledge on these aspects of a species or population helps in understanding the competition and interaction among the coexisting species, along with the influence of ecosystem dynamics.

The anomuran crabs of the Porcellanidae family are comprised of more than 280 species (30 genera) (Osawa et al., 2010; Prakash et al., 2013; Baeza, 2016). The majority of the species are found in the tropical and subtropical intertidal region, inhabiting crevices, cobbles, boulders, and rocks, whereas a few species are found in association with some other organisms, including sea urchins, corals, sponges, etc (Baeza and Thiel, 2000; Baeza et al., 2001). The majority of studies on the biology and ecology of porcellanid crab populations have been conducted in the southern hemisphere (Jones, 1977; Baeza and Thiel, 2000; Gebauer et al., 2007; Miranda and Mantelatto, 2009; Baeza et al., 2013; Wehrtmann et al., 2011; Pinheiro et al., 2017), while information on the populations of the northern hemisphere is scanty. Studies focusing on the population structure and breeding biology of a species/population in India are scarce. A total of 32 species (12 genera) belonging to family Porcellanidae are reported from India (Patel et al., 2022a) out of which 16 species (7 genera) are reported from Gujarat. Gujarat state is situated in the northwestern part of India and has the longest coastline (~ 1650 km; 21%) among Indian states (Patel et al., 2022b). The state possesses diverse coastal habitats, therefore supporting a wide variety of marine decapods (Gosavi et al., 2021). Among the different coastal habitats, the Saurashtra coast has a rocky intertidal region where a huge diversity of brachyuran and anomuran crabs has been reported (Trivedi and Vachhrajani, 2013; Trivedi et al., 2018; Patel et al., 2020; Trivedi et al., 2021; Gosavi et al., 2021; Patel et al., 2022a; Padate et al., 2022).

Petrolisthes boscii is a porcellanid crab that is commonly found in the intertidal region of Shivrajpur, on the Saurashtra coast of Gujarat state, India. The species distribution has also been reported from the Red Sea to Mergui Archipelago; Western Pacific from Japan to Malay Archipelago and Australia (Komai, 2000). In India, the species has also been reported from Maharashtra, Goa, Kerala, Tamil Nadu, and Andhra Pradesh (Patel et al., 2022a). Porcellanid crabs, including P. boscii, play a significant ecological role in the benthic community as competitors and/or prey organisms (Hollebone and Hay, 2008). The roles of Petrolisthes boscii render it a crucial species for understanding ecological dynamics in benthic ecosystems, especially in rocky intertidal habitats and coastal biodiversity. Recently, a few studies have been conducted on the population structure and breeding biology of brachyuran crabs (Patel et al., 2024a, b) and hermit crabs (Patel et al., 2023); however, such studies are still not available on the porcellanid crabs, which are the common residents of rocky intertidal regions. The present investigation was conducted with the hypothesis that the population structure of P. boscii has an ideal sex ratio (1:1), with no disparities between the sexes and no temperature influence on the fecundity of the species. The objectives of testing the hypothesis were (1) to investigate the population structure and (2) to elucidate the reproductive biology of P. boscii population that is commonly occurring in the intertidal region of the Saurashtra coast of Gujarat state, India.




2 Materials and methods



2.1 Study site

Samples for the current investigation were collected on the rocky intertidal zone of Shivrajpur (22°12’21.97”N 68°58’31.75”E), Devbhumi Dwarka district located on the Saurashtra coast of Gujarat state, India (Figure 1). Petrolisthes boscii is a porcellanid crab that is commonly found under the cobbles, boulders, and rocks in the study area (Figure 2).




Figure 1 | Map of study site: (A) Gujarat state; (B) Shivrajpur (22°12’21.97”N 68°58’31.75”E), Saurashtra coast, Gujarat state, India.






Figure 2 | (A) Intertidal region of the study site, (B) Study site Petrolisthes boscii (Audouin, 1826) dorsal view of the specimen in habitat.






2.2 Sampling methods

The samples of P. boscii were collected once every month for a period of 12 consecutive months (March 2019 to February 2020) with each sampling session lasting four hours when the water recedes during low tide. An area of 500 m2 was marked in the intertidal region when the water receded and was thoroughly scanned for the presence of P. boscii. The specimens were collected by a single person by the CPUE method using handpicking collection method for a period of four hours in the marked area. Moreover, the cobbles and boulders in the marked region were also upturned to see whether the crabs were present under them, as the species prefers to hide under them for shelter during low tide. Whenever an individual was encountered, it was collected in a zip-lock bag, kept in ice box and brought to the laboratory for further analysis. Furthermore, ambient temperature was measured using digital thermometer each month during the time of specimen sampling.




2.3 Laboratory analysis

Once the specimens were brought to the laboratory, they were cleaned and identified up to species level with the help of standard identification keys (Garth, 1965; Beleem et al., 2016). The individuals of P. boscii were categorized as male, non-ovigerous female, or ovigerous female. The crabs can be distinguished by the position of their gonopores, which are present on the coxa of the fifth pair of pereiopods for males and on the coxa of the third pair of pereiopods for females. Ovigerous females are the females with egg mass attached to their pleopods. Additionally, a digital vernier caliper with an accuracy of 0.01 mm (Mitutoyo Digimatic Vernier Calliper 500-196-20) was used to measure the carapace width (CW) of the specimens (the broadest part between their lateral margins) as a measure of size during the morphometric analysis. The individuals that were smaller than the smallest ovigerous female among the sample individuals were considered juveniles (<6.47 mm) as established by Baeza et al. (2013).

In order to conduct a fecundity analysis, the eggs were extracted from the pleonal appendages of the ovigerous females (n = 53) using forceps. The eggs were then placed in 20 ml of saline water and stirred gently to ensure even distribution without causing any damage to the eggs. In addition, the measurement of egg size (diameter), egg mass weight, and total egg count was performed using the methodology described by Patel et al. (2023).




2.4 Data analysis

The samples collected were categorized into size classes with intervals of 2 mm, ranging from 2 mm to 16 mm CW to analyze the frequency distribution of the species on a monthly and overall basis. A Shapiro-Wilk test was used to determine if the obtained data was normally distributed. The results showed that the data was not normally distributed (p < 0.001) and hence non-parametric tests were run. A Kruskal-Wallis (KW) test was performed to evaluate the average carapace width among male, non-ovigerous female, and ovigerous female individuals. When significant results (p < 0.05) were obtained, Dunn’s post hoc test was conducted. Month-wise graphs of different sexes of all the size classes were plotted to understand the monthly variation in the percentage occurrence of males, non-ovigerous females, and ovigerous females. A chi-square test (χ2) was performed to find out the difference in the overall male: female (ovigerous and non-ovigerous females) ratio. Monthly data of ambient temperature was plotted against the monthly frequency of occurrence of ovigerous females and juveniles to understand the effect of temperature on the breeding and juvenile settling of P. boscii. Spearman correlation analysis was performed to examine the relationship between monthly ambient temperature and frequency of occurrence of ovigerous females and juveniles.

A regression analysis was employed to ascertain the relationship between the carapace width (CW) of ovigerous females and the morphological characteristics of their eggs. All statistical results were considered significant if the p-value was less than 0.05. Wherever applied, the values were expressed as mean ± standard deviation. The statistical analysis was conducted using MS Excel and Past software (version 4.03).





3 Results

In the present study, a total of 859 individuals were sampled which comprised 407 (47.38%) males and 452 (52.62%) females (303 (35.27%) non-ovigerous females and 149 (17.35%) ovigerous females). The size of individuals ranged from 3.78 mm to 15.12 mm in males, 2.92 mm to 12.64 mm in non-ovigerous females and 6.47 mm to 14.06 mm in ovigerous females. A strong sexual dimorphism was evident, with males exhibiting a substantially greater size than females (Kruskal-Wallis test, H = 112.8; p<0.001). Furthermore, Dun’s post hoc test showed that ovigerous females were considerably larger than non-ovigerous females (Bonferroni corrected, p<0.001) (Table 1).


Table 1 | Carapace width of samples from different sexes of Petrolisthes boscii from Shivrajpur, Gujarat state, India.



The sex ratio between males and females was somewhat skewed towards females, with a ratio of 1:1.17. However, this deviation from the expected 1:1 ratio was not statistically significant (χ2 = 1.23, p = 0.267) (Table 2). With the exception of January, June, November, and December, the monthly sex ratio was also skewed toward females. The occurrence of ovigerous females in every month suggests that the species has a continuous breeding cycle, with two breeding peaks that take place in the months of August to October and March to May (Table 2).


Table 2 | Total number of Petrolisthes boscii samples collected from Shivrajpur, Gujarat state, India.



The P. boscii individuals have been recorded in every size class, from 2 mm to 16 mm. The male individuals of P. boscii showed a bimodal pattern in their overall frequency distribution, with the maximal occurrence reported in the 6–8 mm and 14–16 m size classes. In females also, a similar bimodal frequency distribution pattern was found, with peak occurrence reported in the 2–4 mm and 8–10 mm size classes (Figure 3).




Figure 3 | Overall size frequency distribution of Petrolisthes boscii samples collected from Shivrajpur, Gujarat state, India.



In case of monthly frequency distribution, a bimodal distribution pattern was observed in male individuals in all the months except in February. Whereas, in case of females, a bimodal frequency distribution was observed in majority of the months except February, March, June, September, and October (Figure 4). The study also revealed occurrence of juvenile individuals in all the months suggesting year-round juvenile settlement (Figure 4). There was a significantly positive relationship observed between the monthly ambient temperature and frequency occurrence of ovigerous females (r = 0.68, p<0.01) suggesting the positive effect of ambient temperature on the breeding efficiency of the species. Moreover, the relationship between the monthly occurrence of ovigerous females and juveniles was significantly negative (r = -0.83, p<0.001) (Figure 5), which suggests that with increasing occurrence of ovigerous females, the frequency of occurrence of juveniles decreases or vice versa.




Figure 4 | Monthly size–frequency distributions of Petrolisthes boscii samples collected from Shivrajpur, Gujarat state, India.






Figure 5 | Association between temperature and the occurrence of juveniles (of both the sexes) and ovigerous females of Petrolisthes boscii samples collected from Shivrajpur, Gujarat state, India.



The average number of eggs, weight of egg mass, and size of eggs of the examined ovigerous females were 130.39 ± 83.31, 150 ± 110 mg, and 0.49 ± 0.03 mm, respectively, according to the analysis for fecundity estimation (Table 3). The carapace width of the corresponding ovigerous females was shown to have a significant positive correlation with both the average number of eggs and the weight of egg mass (Figure 6).


Table 3 | Summary of Petrolisthes boscii ovigerous female carapace width, umber of eggs weight of egg mass, egg number and egg size collected from Shivrajpur, Gujarat state, India.






Figure 6 | Relationship of ovigerous females of Petrolisthes boscii CW with (A) total number of eggs, (B) weight of egg mass, and (C) size of eggs.






4 Discussion

The present study revealed sexual dimorphism in P. boscii, where males were significantly larger as compared to females. This has been observed in other crab species, including Clibanarius rhabdodactylus (Patel et al., 2023), Carcinoplax vestita (Doi et al., 2007), Hexapanopeus paulensis (Silva et al., 2014), Eriocheir sinensis (Czerniejewski and Wawrzyniak, 2006), Gecarcinus ruricola (Hartnoll et al., 2006), Leptodius exaratus (Patel et al., 2024a), and Dotilla blanfordi (Patel et al., 2024b). Such variance in size is generally linked with the energy investment differences between sexes, where males use the majority of their energy for somatic growth (Silva et al., 2014), while females have to invest most of their energy in gamete production and incubation (Mantelatto and Martinelli, 1999). Several ecological and biological factors like differential mortality between sexes, are affected by various biotic and abiotic factors including predation or competition. Since males are often more conspicuous due to their larger size or behaviors like competition for mates, they experience higher predation risk (Naderi et al., 2018). Moreover, males tend to migrate more compared to females in search of mates or suitable habitats which could also result in reduced occurrence of males (Asakura, 1992).

The overall and monthly sex ratio was deviating from the ideal 1:1 and was biased towards females as previously discovered in other species like Neopanope sayi (Swartz, 1976), Acanthonyx scutiformis (Teixeira et al., 2009), Ocypode rotundata (Naderi et al., 2018), Callinectes sapidus (Lycett et al., 2020), and C. rhabdodactylus (Patel et al., 2023). Female-biased sex ratios can be influenced by various factors, including ecological conditions and limited dispersal abilities, leading to stronger isolation and favoring female dominance (Nijman and Vonk, 2022). The deviation from the ideal 1:1 sex ratio can be caused by a variety of factors, such as competition for local mates (Hamilton, 1967), differences in the amount of time and energy invested in male and female offspring (Kobayashi et al., 2018), differences in the way the sexes use their habitats (Silk, 1984), migration patterns (Allen, 1966), life span, growth rates, and spatiotemporal distribution. A female-biased sex ratio can also be linked to survival and reproductive advantages where female-biased population shows increased egg production and greater survival rate specifically in extreme habitats like intertidal region (Ewers-Saucedo, 2019).

The sex ratio in different life stages was also different, with female biased in smaller to intermediate size classes and male biased in larger individuals. Changes in the proportion of males to females may have a significant effect on the size and structure of a population, making the sex ratio a very significant population feature (Carver et al., 2005; Hjelset et al., 2012). Increased male mortality in intermediate size class may be the cause of female-biased sex ratio (Asakura, 1992). However, in larger size classes, a male-biased sex ratio results from a faster somatic growth rate in males (Wenner, 1972). In larger size classes, a male-biased sex ratio may also result from higher female mortality from higher reproductive costs and lower predation risk in larger males with larger chelas (Johnson, 2003).

In the current study, a bimodal frequency distribution was observed in male and female individuals which has also been found in other species like Pilumnus vespertilio (Litulo, 2005), Aegla franciscana (Gonçalves et al., 2006), Aegla georginae (Copatti et al., 2016), C. rhabdodactylus (Patel et al., 2023), L. exaratus (Patel et al., 2024a), and D. blanfordi (Patel et al., 2024b). This distribution pattern may be explained by a number of variables, including variations in migratory patterns (Flores and Negreiros-Fransozo, 1999), growth rates (Negreiros-Fransozo et al., 2003), and mortality rates (Díaz and Conde, 1989). Unimodality arises in stable populations with equal numbers of immigrants and emigrants, consistent recruitment and mortality throughout the life cycle, and stable demography (Thurman, 1985; Díaz and Conde, 1989). Bimodality, on the other hand, indicates a general tendency toward population expansion. In addition, rapid recruitment of larvae and a high reproduction rate can significantly and gradually change the population size and frequency of dispersion (Thurman, 1985).

The study site exhibited a wide range of ambient temperatures, fluctuating between 21°C and 34°C. These temperatures fall within the tropical-subtropical climatic range, allowing continuous reproduction. This reproductive activity was clearly detected in the current experiment. Moreover, a significant correlation was found between the monthly ambient temperature and the occurrence of ovigerous females (p < 0.05). The temperature is a critical factor in determining the occurrence of ovigerous females in crabs. Studies on various crab species like Scylla tranquebarica (Hidir et al., 2022), Petrolisthes cinctipes (Lam et al., 2022), S. paramamosain and S. serrata (Sanda et al., 2022), Portunus armatus (Nolan et al., 2021), and S. olivacea (Paul et al., 2021) have highlighted the significant impact of temperature on sex determination, gonadal development, reproductive output, and movement patterns showcasing how environmental factors can shape population dynamics. Researchers have found that high sediment temperature correlates with crab density and gonadal ripeness (Saeedi et al., 2018). The intertidal zone of a tropical or subtropical region where temperatures reach extremely high levels, temperature is one of the primary determinants controlling the abundance and distribution of the species (Allen, 1966; Asakura, 1987; Al-Wazzan et al., 2020). Seasonal variation arises from population movement or mortality, leading to an underestimation of the population during the summer (Patel et al., 2024a).

Moreover, there was a significantly negative relation between the frequency occurrence of ovigerous females and juveniles suggesting a decline in juvenile occurrence during increased occurrence of ovigerous females. Followed by the increased frequency occurrence of ovigerous females, there was an increase in the frequency occurrence of juveniles. Similar results have been observed in other crab species including P. armatus (Pinheiro et al., 2017); P. japonicus (Hamasaki et al., 2020), D. japonicus (Oh and Lee, 2020), S. olivacea (Rouf et al., 2021), C. rhabdodactylus (Patel et al., 2023). Certain factors like salinity (Huang et al., 2022), female nutritional quality (Matias et al., 2016), nutrition availability and quality (Viña-Trillos et al., 2023), water temperature (Chou et al., 2019), photoperiod (Zhang et al., 2023), and predation rate (Touchon et al., 2006) could affect the reproductive maxima of the population. Periodicity in reproduction might be caused by a variety of biotic and abiotic variables, including larval ecology (Reese, 1968), food availability (Goodbody, 1965), time to sexual maturity, mating period, gonadal development, incubation duration (Sastry et al., 1983), etc.

There was a significantly positive correlation between the number of eggs and the weight of egg mass with the respective CW of ovigerous females. Such types of outcomes have also been reported in other studies including P. sanguinolentus (Yang et al., 2014), Thalamita crenata (Mustaquim et al., 2022), Uca maracoani (Aviz et al., 2022), C. rhabdodactylus (Patel et al., 2023), L. exaratus (Patel et al., 2024a), and D. blanfordi (Patel et al., 2024b). However, disparities in the total number of eggs and egg mass weight were observed in ovigerous females with the same CW. The possible reasons for such disparity could be variation in the availability of food, differences in egg production or the loss of eggs (Hines, 1982). Intraspecific variation in the fertility of ovigerous females occupying same habitat or different parts of the same habitat can be influenced by several external and internal factors like age of sexual development, availability of nutrition, differences in overall female size, etc. (Zairion et al., 2015). Fecundity may be affected by the energy trade-off between somatic development and egg production (Zairion et al., 2015). Muiño (2002) found that females with greater CW lay more eggs, suggesting that CW plays a significant role in fecundity variability.




5 Conclusion

The population structure and fecundity of a Porcellanid crab P. boscii which is a commonly occurring species on the rocky coast of Shivrajpur, Gujarat State, India. The study revealed a significant sexual dimorphism as a result of differential energy investment among males and females. A female-biased sex ratio of the population was observed that can be due to the combined effect of various factors like ecological conditions, limited dispersal abilities, competition among local mates, investment in male and female offspring, habitat utilization patterns, migration patterns, life span, growth rates, and spatiotemporal distribution. The frequency distribution of males was bimodal whereas unimodal in females that is governed by the ecological factors like differences in their growth and mortality rate affected by several abiotic and biotic factors. Since the study site falls in sub-tropical region, a continuous pattern of reproduction was observed in the population. There was a significant correlation observed between the size of ovigerous females and the parameters of their eggs which is governed by several factors including energy trade-off between somatic development and egg production, age of sexual development, food availability, and differences among overall female size. Such studies unveiling the population dynamics and breeding pattern of a species play important role in understanding the ecology of the species. Moreover, the study can provide a baseline information that can be used in future to study the effects of a continuously changing environment as well as the effects of increasing anthropogenic pressure on coastal regions.
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