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Spiny lobsters of the genus Panulirus are economically important and support local fishing communities. However, mud spiny lobster Panulirus polyphagus is among the least known species within this genus in terms of their biological information. This study relates to the size distribution, length-weight relationship, and size at morphometric maturity of P. polyphagus in the Johor Strait. Within the year 2010, 300 specimens were collected off the coast of Johor Strait, Malaysia. There was no significant difference in body size (cephalothorax length, CL) and body weight (BW) between sexes. CL and BW were highly correlated and males of P. polyphagus displayed positive growth allometry, whereas the opposite was observed in females. Based on the merus (ML) and carpus length (CPL) of the third right walking leg, the piecewise linear regression analysis estimated that the size at maturity for male was 6.58 cm CL (based on ML) and 7.58 cm CL (based on CPL), whereas it was 8.18 cm CL (based on ML) and 6.75 cm (based on CPL) for females. Two discriminant functions of high classification and revalidation rates (> 98.6% in males and > 98.7% in females) that can discern maturation status in males and females of P. polyphagus were derived using the discriminant function analysis. Biological information derived from this study serves as an essential baseline for future fishery management and conservation of P. polyphagus.
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INTRODUCTION

The genus Panulirus White, 1847 includes various species of spiny lobsters in the family Palinuridae, which are most economically significant and support coastal fisheries. They differ from clawed lobsters in the family Nephropidae in terms of reproductive structures. Specifically, Panulirus do not possess sperm receptacle on the sternum of females and pleopods of males and are not involved in sperm transfer (George, 1995). There are 24 recognized species/subspecies in the genus Panulirus, making them the most diverse genus within Palinuridae compared to the remaining 11 genera (Briones-Fourzán, 2014). Most of the spiny lobster species are sturdy, exhibit attractive coloration, are huge (generally with a body length of up to 60 cm), and inhabit a wide range of habitats and depths. Due to their benthic nature, spiny lobsters have important ecological roles, functioning as predators to other benthic organisms such as bivalves, gastropods, and other crustaceans (Castañeda-Fernández-de-Lara et al., 2005; Mashaii et al., 2010) and prey to other predators including octopus, sharks, rays, and snappers (Smith and Herrkind, 1992).

Panulirus polyphagus (Herbst, 1793) is a marine demersal carnivorous crustacean species often associated with muddy coastal marine environment, thus the common name mud spiny lobster (Damodaran et al., 2017). It is widely distributed in the tropical Indo-Pacific region, ranging from India (Murugan et al., 2005; Kotiya and Vadher, 2021) to Malaysia (Fatihah et al., 2016, 2017; Chen and Fatihah, 2018) and Indonesia (Tewfik, 2014; Wahyudin et al., 2017). They often form the bycatch of trawlers due to their preferred benthic habitat along the muddy coastal zones. However, unlike other Panulirus species such as scalloped spiny lobster P. homarus (Linnaeus, 1758) and ornate spiny lobster P. ornatus (Fabricius, 1798) that are often associated with coastal rocky reefs (Kulmiye and Mavuti, 2005), not much is known about the general biology, physiology, and ecology aspects of P. polyphagus. Nonetheless, all Panulirus species are high-value potential aquaculture candidate species (Anh and Jones, 2015).

The length-weight relationship is essential for understanding and assessing the general growth characteristic, population health, and dynamics of a species (Miyasaka et al., 2007; Fazhan et al., 2021a). Therefore, the length-weight relationship of a species serves as an essential biometric parameter that would subsequently influence conservation efforts and fisheries management. In general, a higher mass at a given length is preferable as it implies better health conditions (Waiho et al., 2016; Jist et al., 2018). Since the length-weight relationship relies on body length and weight measurements, it is influenced by various biotic and abiotic factors such as sex, season, food availability, genetic, and fishing pressure (Al Nahdi et al., 2016; Li et al., 2016; Jist et al., 2018).

Sexual maturity marks the transition of immature juveniles to mature adults capable of reproducing offspring and is characterized by a series of abrupt morphological, physiological, and behavioral changes (Comeau and Savoie, 2002; Waiho et al., 2017). The onset of sexual maturity can be further divided into morphometric maturity, based on the abrupt changes in the allometric growth of specific morphometric characters, physiological maturity, based on the maturation of gonadal tissues, and functional maturity, based on the functional ability to copulate (Corgos and Freire, 2006; Waiho et al., 2017). Although depending on the species, there can be slight discrepancies between these three types of maturities (Waiho et al., 2016, 2017), morphometric maturity is more commonly used as it does not require the sacrifice of the studied species. Morphometric maturity is often estimated by analyzing the growth rate of specific body dimensions that will undergo rapid changes upon reaching sexual maturity in relation to body dimensions that exhibit a constant growth rate (Hartnoll, 1974). Size at morphometric maturity has been estimated for various species in the genus Panulirus (Jayakody, 1989; Hogarth and Barratt, 1996; Robertson and Butler, 2003; Kulmiye et al., 2006; Melville-Smith and de Lestang, 2006). However, this knowledge has not been extended to P. polyphagus. In Malaysia, although it could fetch up to USD50/kg in the wet market, the capture volume of P. polyphagus is largely undocumented due to their seasonal small-sized landings. Due to the lack of biological information (e.g., length and weight distribution and size at sexual maturity), size regulation and resource management of P. polyphagus are yet to be established. The first report of biological features of P. polyphagus was by Ikhwanuddin et al. (2014). Apart from the brief description of size distribution based on sexes, the estimation of length-weight relationship and size at maturity were rudimentary, whereby the authors did not fit their data with regression equation and method potency equation during the estimation of the former, and the assignment of maturity was purely based on the value of second and third merus lengths of the longest right walking leg with cephalothorax length (CL) (Ikhwanuddin et al., 2014). Therefore, this study aimed to recharacterize the length-weight relationship and size at morphometric maturity P. polyphagus population in the southern coast of South China Sea using sound statistical methods. We incorporated detailed analyses to warrant as a new publication, including regression equations of length-weight relationship, determination of size at morphometric maturity using the piecewise linear regression analysis, reclassification of maturity status using the principal component analysis, and providing two equations for the identification of maturity status in P. polyphagus based on the discriminant analysis. The results of this study serve as essential baseline information for future fishery and conservation management of this economically important crustacean species.



MATERIALS AND METHODS


Sampling

The specimens analyzed were sampled between July and December 2010 in the Johor Strait, along the coastal waters of Southeast Johor, Malaysia (Supplementary Figure 1). The locations (Teluk Ramunia, 1°21′52″N, 104°14′48″E, Sungai Rengit, 1°20′45″N, 104°13′8″E, and Kampung Jawa, 1°20′24″N, 104°7′12″E) were chosen based on the anecdotal accounts of the local fishing community. Spiny lobsters P. polyphagus were randomly obtained from local fishermen, and the measurements were acquired in situ right after their landing using gill nets. All live lobsters were returned to the fishermen after the measurement. As P. polyphagus is a commercial species, permit is not required for its acquisition. There is also no regulation on the capturing of immature and berried females of P. polyphagus in Malaysia. The specimens were identified based on the identification keys provided in the FAO Species Catalog (Holthuis, 1991). Three body dimensions, namely, cephalothorax length (CL)—the distance along the dorsal midline from the transverse ridge between the supraorbital horns to the posterior extremity of the cephalothorax, merus length (ML), and carpus length (CPL) of the longest (third) right walking leg were obtained using vernier caliper to the nearest 0.01 cm. Wet weight (BW, g) was measured using a digital electronic balance. All the measurements were reported as mean ± standard error (SE) unless stated otherwise. Raw data used in this study (Supplementary Material 1) were based on the study by Ikhwanuddin et al. (2014).



Length-Weight Relationship

Length (CL) and weight (BW) between sexes were compared using the Welch’s t-test on the IBM SPSS Statistics Version 25 (IBM Corp, United States) due to the unequal sample size. The length–weight (CL–BW) relationship of P. polyphagus was estimated using the method potency equation, W = aLb, with W as BW, L as CL, and a and b are constants. The linear regression analysis was performed onto the log-transformed values of BW and CL. The allometric coefficient b represents the slope of the regression equation and b = 3 represents the isometric growth; b < 3 represents the negative allometric growth; and b > 3 represents the positive allometric growth (Cusba and Páramo, 2017).



Size at Morphometric Maturity

To estimate the size at morphometric maturity, CL was designated as the independent variable due to their growth consistency upon reaching morphometric maturity. The dimensions of ML and CPL were used as dependent variables as leg dimensions are known to exhibit distinct changes in relative growth from immature juveniles to mature adults (Waiho et al., 2016). According to sex, the piecewise linear regression analysis was performed between CL and dependent variables (i.e., ML and CPL) using the statistical software Origin Lab Pro 2019b (OriginLab Corporation, United States). Independent variables were clustered into two groups (i.e., two regression lines) using the least square method, and this further allowed for the estimation of the breakpoint between the two regression lines representing the immature and mature morphometric growth. The breakpoint represents the abrupt change in growth allometry between immature and mature specimens along with size increment. The “gap” between regression lines was minimized during fitting-dependent variables to the piecewise linear regression algorithm, thereby minimizing SE. The F-test was used to determine the significance of the two regression slopes obtained by the piecewise linear regression analysis, and the reduced chi-square (χ2) and adjusted coefficient of determination (adj. R2) were recorded.



Relative Growth and Discriminant Analysis

To characterize the relative growth pattern of ML and CPL before and after morphometric maturity, individuals were classified as juveniles and adults based on the method of Corgos and Freire (2006). In brief, the principal component analysis (PCA) was used to divide individuals into two groups (i.e., immature and mature) based on their log-transformed-dependent variables. Subsequently, each individual was assigned as either immature or mature using hierarchical k-means clustering, during which the intragroup variance was minimized, but the between-group variance was maximized. Based on the assigned maturity status, the log-transformed values of CL, ML, and CPL were subjected to the stepwise discriminant function analysis to generate a discriminant function and assess the misclassification rate.



RESULTS

A total of 300 P. polyphagus were sampled in this study, of which 231 were males and 69 were females. The average CL and BW (average CLmale: 7.51 ± 0.09 cm, average CLfemale: 7.39 ± 0.22 cm; BWmale: 189.57 ± 8.16 g; BWfemale: 186.98 ± 14.63 g) of males and females were similar, and most males (84.0%) were concentrated at a size range of 5.0–8.9 cm (Figure 1A). The CL and BW did not differ significantly between sexes (Welch’s t-test, FCL 93.92: 0.477, p = 0.635; FBW 113.69: 0.154, p = 0.878).
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FIGURE 1. The (A) Size distribution, (B) Length-weight relationship, (C) Estimated size at morphometric maturity based on merus length (ML), and (D) Estimated size at morphometric maturity based on carpus length (CPL) of the third walking leg of mud spiny lobster. Fitting of ML and CPL with CL in both sexes was successful (F-test: all p < 0.001), and the estimated size at morphometric maturities was indicated using gray dotted line between the two regression lines of immature and mature specimens.


There is a strong correlation between CL and BW of P. polyphagus (r > 0.94, Table 1). The classical positive growth allometry in males and negative growth allometry in females were observed, as revealed by the regression coefficient b in Table 1. The weight of females was heavier than males at smaller body sizes (CL < 7.97 cm), but the trend gradually reversed after the intersecting point at 7.97 cm CL (Figure 1B).


TABLE 1. Regression parameters of the length-weight relationship for P. polyphagus.

[image: Table 1]Fitting of ML and CPL with CL in both sexes was successful (F-test: all p < 0.001). Based on the segmented regression lines produced using the piecewise linear regression analysis, the onset of morphometric maturity ranged from 6.58 to 8.18 cm CL (Figures 1C,D). The significant changes in the slope of regression lines were observed between immature and mature P. polyphagus. Overall, immature P. polyphagus, regardless of sex, showed higher regression slopes in both ML and CPL compared to their mature counterparts (Figures 1C,D). The estimated morphometric size at maturity for males was 6.58 cm CL (based on ML) and 7.58 cm CL (based on CPL), whereas it was 8.18 cm CL (based on ML) and 6.75 cm (based on CPL) for females.

The clustering of specimens into mature and immature was successful (F-test, all p < 0.001), with males being categorized into 43 immature and 188 mature individuals, females being categorized into 30 immature and 39 mature individuals, respectively. The stepwise discriminant analysis was significant in males (Wilks’ λ = 0.146, χ2 = 441.20, df = 3, eigenvalue = 5.838, canonical correlation = 0.924, p < 0.001) and females (Wilks’ λ = 0.129, χ2 = 134.30, df = 3, eigenvalue = 6.771, canonical correlation = 0.933, p < 0.001). Based on the coefficients of the canonical discriminant function, the discriminant equations of maturity status in males and females of P. polyphagus were derived (Table 2). The equations of both sexes achieved high classification and revalidation rates, with a percentage of 98.6% in males and 98.7% in females. This showed that the maturity status could be estimated based on the ML and CPL measurements of the third right walking leg of P. polyphagus.


TABLE 2. Discriminant equations of maturity status in P. polyphagus.
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DISCUSSION

The biological data of the mud spiny lobster P. polyphagus are comparatively less than other Panulirus species. Nonetheless, the size range (4.72–11.98 cm CL) found in this study coincides with that reported in P. polyphagus at the Arabian Sea (Gujarat, India; size interval of 3.5–11.0 cm CL) (Kizhakudan and Patel, 2010). The positive growth allometry in males and negative growth allometry in females of P. polyphagus based on the deviation of regression coefficient b from 3 are expected and commonly observed in crustaceans of good population health (Fazhan et al., 2021a), including other lobster species (Hossain et al., 1987; Steinback et al., 2008). In crustaceans, males would channel most of their energy into the somatic growth to increase their chances in territorial defense and mating, whereas females would focus more on maximizing reproductive outputs (Elner and Campbell, 2009; Waiho et al., 2015). Similarly, along the southern coastal region of Sri Lanka, Panulirus homarus females exhibited negative growth allometry, whereas males exhibited isometric growth patterns (Senevirathna et al., 2014). Such pattern, positive/isometric growth in males and negative growth in females, however, is dependent on various factors, including health conditions (Datta et al., 2013), sample size (Fazhan et al., 2021a), and environmental factors (Al Nahdi et al., 2016). The size concentration of male P. polyphagus (5.0–8.9 cm size range) around the estimated size at sexual maturity (6.58 cm CL [based on ML] and 7.58 cm CL [based on CPL]) is expected. A similar pattern was also found in other crustaceans (Little and Watson, 2005; Waiho et al., 2016) and is closely linked with the reproduction potential of a species. For example, the mode of production of the female egg coincided with the mode of size distribution of females in spiny lobster Palinurus elephas (Goñi et al., 2003).

Size at the onset of sexual maturity is an essential parameter that can be used in the assessment and management of fishery stock, including the setting up of a suitable minimum landing size (MLS) (Little and Watson, 2005; Waiho et al., 2017). Based on a 7-year length–frequency data, Kagwade (1987) showed that in P. polyphagus, the growth was significantly faster in males than in females after reaching sexual maturity. Kagwade (1988) further estimated that P. polyphagus reaches sexual maturity from hatching in a period of 3 years compared to less than 3 years in other Panulirus species (Skewes et al., 1994). Compared to the size at morphometric maturities found in this study, P. polyphagus from the Saurashtra coast, Gujarat, India, population had smaller size at morphometric maturities, with males maturing in the range of 51–55 mm CL, while females maturing between 51 and 60 mm CL (Kizhakudan and Patel, 2010) (Table 3). Various factors could contribute to the difference in size at maturity between populations, especially if the populations being compared are geographically distinct, e.g., at different latitudes (Bakke et al., 2018). These include female recruitment (Orensanz et al., 2007), temperature (Aguilar-Alberola and Mesquita-Joanes, 2014), food supply (Pollock, 1995), fishing pressure (Little and Watson, 2005), and genotypic variation (Pollock, 1995).


TABLE 3. The size range and size at maturity of Panulirus spp.

[image: Table 3]Another potential factor that could contribute to the variation in size at morphometric maturity between populations is the morphometric characters selected during its estimation. Aside from ML and CPL used in this study, other studies have used the second leg length, and the meropodite lengths of walking legs to estimate morphometric maturity (Table 3), and all research showed that estimates of size at morphometric maturity differed according to the characters used. Such variation implies that the abrupt changes in growth might occur at an interval for different body segments of crustaceans. Therefore, it is important to consider the measured morphological characters when estimating and comparing size at sexual maturity in crustaceans. The same criterion as earlier studies should be used in a future study to allow an accurate comparison of the estimated size at sexual maturity for a designated species from a specific location. In addition, it is also worth exploring other morphological characters that are proven to be useful in estimating morphometric size at sexual maturity in other shrimp or lobster species, such as the abdominal segment length (Cusba and Páramo, 2017; Pacheco et al., 2021).

In crustaceans, discriminant functions are useful tools for sex classification (Mantel and Dudgeon, 2005; Parvizi et al., 2017), species identification (Fazhan et al., 2020, 2021b), determination of maturity (Mura et al., 2005), and health monitoring (Fazhan et al., 2018). Due to the minimal biological information available for P. polyphagus population in the equatorial region, the discriminant functions (Table 2) derived in this study are useful for the non-invasive determination of its sexual maturity. This is especially useful for the involvement of local coastal communities, in particular fishermen, as citizen scientists come across P. polyphagus they would only be required to record three measurements (CL, CPL, ML) in comparison to the more complicated method of assessing gonadal condition (Kizhakudan and Patel, 2010). The use of ML and CPL to estimate size at sexual maturity is common in Panulirus lobsters (Table 3) and other crustacean species (Waiho et al., 2016). However, due to the lack of measured morphometric characters, we acknowledged that the use of the same variables (ML and CPL) in the maturation group clustering and discriminant analysis of P. polyphagus might be biased. To strengthen its feasibility and accuracy, the derived model of determination of sexual maturity of P. polyphagus obtained in this study could be validated in the future by testing on P. polyphagus specimens with confirmed maturation status based on physiological characters (e.g., gonadal maturation). Such initiative of constant monitoring by the local communities would not only aid in the population health monitoring of P. polyphagus but also contribute to the efforts of management of fishery in future.



CONCLUSION

Essential biological information such as size distribution, length-weight relationship, and size at sexual maturity of mud spiny lobster P. polyphagus in the South China Sea was made available in this study. These data generated will be useful for developing appropriate regulations to manage the fishery practices of P. polyphagus in this region. Furthermore, the development of two maturation stage-specific discriminant functions based on the sex of P. polyphagus would enhance future data collection as they could easily be employed by the public owing to their simplicity and non-invasive characteristics.
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Species Sex Size range* (cm) Size at maturity Parameter used for the estimation of Location References
(frequency, n) (cm) size at maturity
Panulirus polyphagus ~ Male (261) 41-45t081-85 5.10-5.50 Gonad maturation Gujarat’s Saurashtra Kizhakudan and
peninsula, India Patel, 2010
Female (289) 4.6-5.0t0106-11.0 5.10 - 6.00 Gonad maturation Gujarat's Saurashtra
peninsula, India
Panulirus polyphagus Male (231) 47-113 6.58 ML of the third walking leg Johor, Malaysia Current study
7.58 CPL of the third walking leg Johor, Malaysia
Female (69) 53-12.0 8.18 ML of the third walking leg Johor, Malaysia
6.75 CPL of the third walking leg Johor, Malaysia
Panulirus guttatus Male (432) - 3.60 Second leg length Florida Keys, Robertson and
United States Butler, 2003
Female (639) - 3.20 Egg-bearing Florida Keys,
United States
Panulirus homarus Female (376) 40-451t81-85 3.80-4.70 Presence of spermatophores and eggs  Colombo, Sri lanka Jayakody, 1989
Panulirus homarus Male (1,220) - 5.75 Second leg length Mambrui, Kenya Kulmiye et al.,
Female (1,234) - 6.34 Presence of eggs and/or Mambrui, Kenya 2006
spermatophores
5.26 Developed setae Mambrui, Kenya
5.05 Exopod size Mambrui, Kenya
Panulirus homarus Female (937) - 7.78 Presence of eggs Dhofar, Oman Al-Marzoudii et al.,
Female (452) - .51 Presence of eggs Al-Wusta, Oman 2015
Female (97) - 7.37 Presence of eggs Al-Shargiyah, Oman
Panulirus homarus Female (392) 24-11.0 5.40 Developed setae Khadiyapatnam, India ~ Thangaraja and
6.10 Presence of eggs Khadiyapatnam, India ~ Radhakrishnan,
5.50 Gonad maturation Khadiyapatnam, India 21"
Panulirus cygnus Male (401) - 9.53 Merus length of the second walking leg  Fremantle, Australia Melville-Smith and
Male (185) - 9.25 Merus length of the second walking leg  Lancelin, Australia de Lestang, 2006
Male (402) — 8.51 Merus length of the second walking leg  Jurien Bay, Australia
Male (265) = 8.46 Merus length of the second walking leg  Dongara, Australia
Male (133) - 9.03 Merus length of the second walking leg  Kalbarri, Australia
Male (256) = 7.22 Merus length of the second walking leg  Abrolhos, Australia
Male (69) - 9.29 Weight of vas deferentia Lancelin, Australia
Male (67) - 8.52 Weight of vas deferentia Dongora, Australia
Male (95) - 7.02 Weight of vas deferentia Abrolhos, Australia
Female (1,073) - 8.75 Presence of eggs and/or Fremantle, Australia
spermatophores
Female (5,802) - 8.22 Presence of eggs and/or Lancelin, Australia
spermatophores
Female (2,087) - 8.14 Presence of eggs and/or Jurien Bay, Australia
spermatophores
Female (3,457) = 7.49 Presence of eggs and/or Dongara, Australia
spermatophores
Female (861) - 7.72 Presence of eggs and/or Kalbarri, Australia
spermatophores
Female ~ 6.50 Presence of eggs and/or Abrolhos, Australia
(16,997) spermatophores
Panulirus penicillatus Male (1,031) = 7.22 Right second meropodite length Taitung, Taiwan Chang et al.,
7.44 Right third meropodite length Taitung, Taiwan 2007
Female (157) 4.36 -9.34 6.66 Gonad maturation Taitung, Taiwan
Panulirus argus Female (1,374) - 9.57 -9.77 Presence of eggs and/or Antigua and Barbuda ~ Horsford et al.,
spermatophores 2013
Panulirus versicolor Female (495) 1.8-124 6.22 Gonad maturation Karimunjawa Islands, Ernawati et al.,
Indonesia 2019
Panulirus regius Male (358) 40-4.41t0 > 15.5 6.75 Second meropodite length Petite Cote of Senegal  Faye et al., 2020
Female (409) 4.0-4.41t0150-154 716 Gonad maturation Petite Cote of Senegal

*Size range refers to cephalothorax length.
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Sex Discriminant equation Cut-off Classification%

value* (cross-validation%)
Male 1.584logCL —2.778logML + —1.870 98.6% (98.6%)
2.234logCPL
Female  2.804logML + 1.208logCPL — —0.336 98.7% (98.7%)
3.316logCL

*Less than cutoff value implies immature, more than cutoff value implies
mature, % = percentage.
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