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Sea cucumbers, integral components of benthic ecosystems, have become subjects of scientific scrutiny owing to their intricate morphology and ecological importance. Due to increasing demand, several species of these echinoderms have become overexploited. As a consequence, NE-Atlantic species became new targets for the international markets. There is a vital need for comprehensive biological data to establish and enhance holothurian fisheries management. In the absence of such data, there is a risk of ineffective fisheries regulations, particularly for susceptible commercial species in the NE-Atlantic, which could lead to overexploitation. Establishing effective fisheries regulations requires a foundation of fundamental biological information, such as growth rates from target populations. This work aims to determine the growth parameters for three commercial sea cucumber species from the NE-Atlantic, in a marine protected area, Holothuria mammata, H. forskali and H. arguinensis. This presents a challenge, as sea cucumbers lack significant calcified structures for age determination, and assessing size is complicated because of their body size plasticity. Thus, a von Bertalanffy model was fitted to length-frequency data using the ELEFAN method with the simulated annealing procedure. Underwater length measurements of the three sea cucumber species, in a relaxed state, were systematically recorded over a span of 18 months, with measurements taken every 1.5 months. The results provide the growth parameters of each species. Models considering seasonal growth were better fits to the data. The three species had different growth rates and periods of no growth coincided with the reproductive season. Mortality was lower for the species growing slower. This is crucial information to support decision-making processes regarding stock management, such as setting limits to fisheries considering stock condition associated with environmental variability.
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1 Introduction

The ecological role of sea cucumbers has long been described as vital for marine ecosystems. Through their feeding behaviour, holothurians help recycle nutrients, stimulate microalgae growth, mix the upper sediment layers and improve physicochemical processes of benthic habitats (Uthicke, 1999; MacTavish et al., 2012; Purcell et al., 2016). However, the high economic value of sea cucumbers driven by an ever-increasing demand, has led to an overexploitation of several sea cucumber species by the majority of fisheries worldwide (Purcell et al., 2013; González-Wangüemert et al., 2016). As a result of local stock depletion and closure of some regional and national fisheries (Purcell, 2014), the exploitation of natural stocks expanded to other areas endangering additional species (Purcell et al., 2013; Eriksson and Clarke, 2015). In the North-eastern Atlantic and the Mediterranean Sea, several sea cucumber species, new to the international trade markets, are now targeted for directed fisheries (González-Wangüemert et al., 2018; Vafidis and Antoniadou, 2023). The absence of time-series data on landings, biometry, and the density of natural holothurian stocks presents a significant obstacle to assess the population’s health. However, in some regions, a decrease in density, abundance, genetic diversity, loss of the largest size classes and even local stock depletion are evidence of overexploitation due to fishing pressure (some occurring illegally; González-Wangüemert et al., 2014; González-Wangüemert et al., 2018). Holothuria (Holothuria) mammata Grube, 1840 and Holothuria (Holothuria) arguinensis Koehler and Vaney 1906 are commercially relevant and targeted species in the in the NE-Atlantic and Mediterranean (González-Wangüemert et al., 2014; González-Wangüemert et al., 2018; Dereli and Aydın, 2021; Vafidis and Antoniadou, 2023), while Holothuria (Panningothuria) forskali Delle Chiaje, 1824 has seen an increasing interest (González-Wangüemert et al., 2016) with values going for over $ 100 USD per dry kg on the market (Sousa et al., 2020). Illegal captures of sea cucumbers, mainly H. arguinensis and H. mammata, have increased for the past years with populations showing local signs of overexploitation (González-Wangüemert et al., 2018).

For these species, there is a lack of knowledge on their ecology and biology which could ultimately lead to misguided or unsound decision-making (Lovatelli et al., 2004; Purcell et al., 2010). Individual growth is hard to estimate since sea cucumbers’ length and weight vary and are easily influenced by manipulation, due to physiological responses to environmental stimuli (e.g. muscle contraction and release of viscera or water). Length measurements should be standardized to avoid measurement errors and this is more easily achieved either by measuring individuals underwater, avoiding any contact, or by taking post-mortem measurements (Azevedo e Silva et al., 2021). Individual recognition techniques such as tagging, are usually shed by holothurians (Conand, 1981; Shelley, 1982) and have only been relatively successful in suspension feeders (Gianasi et al., 2015). Determining growth through the identification of annual growth rings in calcified structures has recently been described for sea cucumbers and this method could facilitate the determination of growth rates for holothuroids (Sun et al., 2019).

Generally, modelling approaches have provided successful growth estimations, through growth parameters, for sea cucumber populations. Understanding growth parameters is crucial not only for the preservation and control of a particular species, but also for mitigating the impact of fishing on natural populations. This knowledge enables us to establish fishery regulations grounded in biological information. A von Bertalanffy model applied with the ELEFAN_SA (simulated annealing optimization) procedure allows for an unconstrained search of parameters within the multi-dimensional space. This is an advantage since there is no need for an a priori fixing of parameters during search routines (Mildenberger et al., 2017), which could lead to biased results. Still, ELEFAN requires users to provide search conditions for each parameter, as well as length-class size and the number of length-class for calculation of the moving average (Zhou et al., 2022). This procedure is an analysis toolbox compiling single-species stock assessment methods specifically designed for data-limited fisheries analysis using length-frequency data (Mildenberger et al., 2017), which is an advantage.

Growth parameters of a population allow us to understand its populational dynamics, which will fundamentally lead to a better management of natural stocks. Estimating growth parameters is an important step that, not only guarantees correct assumptions for stock management, but also leads to a better understanding of the species ecology and biology. The aim of this study was to determine the growth parameters and natural mortality through length-frequency data for the three commercial NE-Atlantic sea cucumbers, H. forskali, H. mammata and H. arguinensis, in a rocky reef habitat, filling this knowledge gap. This will allow us to understand these species different growth strategies, providing crucial information that will support decision-making policies regarding stock management and the conservation of these ecologically important species.




2 Methods



2.1 Study area

The study was focused on a NE-Atlantic coastal area in the southwest of Portugal, within a marine protected area (MPA), the Arrábida Marine Park (38°26’50.4”N; 9°01’58.7”W; Figure 1), with regulation that bans most fishing activities (none of which susceptible of capturing sea cucumbers) and restricts human presence. Most places are in fact inaccessible unless with maritime transportation, which is also forbidden in some areas. Although fisheries are mostly banned in this MPA and local marine authorities display a regular surveillance for illegal activities, sea cucumbers are not yet a fishing target in this region. So, at the moment, these are unexploited populations. Different habitats compose this MPA, but it is mostly dominated by rocky reefs that end in a sandy floor (Gonçalves et al., 2002; Félix et al., 2021). For these reasons, this area allows the study of sea cucumbers’ population parameters in the most pristine-like conditions possible in the Portuguese coastline.




Figure 1 | Map of the study region, with indication of the sampled area (in red).






2.2 Sampling

Starting in February 2018 and until March 2019, a visual census sampling was done every one and a half months, in 30 m x 3 m transects, to record length measurements (to the nearest 0.1mm) of the three local sea cucumber species with commercial interest (H. forskali, H. mammata and H. arguinensis). Sampling was done through scuba diving, in depths ranging from two to ten meters, depending on the depth of the sampling site. Since at least H. arguinensis and H. mammata have displacement behaviours between adjacent habitats (Félix et al., 2021; Azevedo e Silva et al., 2023), sampling was conducted considering full heterogeneity of habitats, in order to ensure the distribution of the species in the region was covered and to guarantee the growth functions would be adequate for the population of the three species. Length of sea cucumbers is variable and easily influenced by manipulation, so length measurements were carefully done underwater with a measuring tape by a team of two divers, where one measures the sea cucumber and the other registers the species and length. The diver measuring length remained the same, ensuring there were no errors attributable to user input. The measurements were carried out in sea cucumbers in a relaxed state, avoiding any handling related stress and following the proposed standardized methodology for comparability (Azevedo e Silva et al., 2021).




2.3 Data analysis

All length data obtained from sampling were grouped in different size classes according to the species analysed. H. arguinensis was grouped in three cm classes, H. mammata in two cm classes and H. forskali was grouped in one cm classes. While smaller bin sizes can provide more information, the sample size for H. arguinensis was only 177, resulting in modes with only 1 individual in several months when the bin size was two cm. Therefore, to avoid fitting the model to several modes with only 1 individual, a larger bin size was selected.

All analyses were conducted using the statistical computing software “R” (version 3.5.1). Non-seasonal and seasonal von Bertalanffy Growth Models (VBGF) were fitted to the restructured length frequency data with the ELEFAN (Electronic Length Frequency Analysis) procedure (Pauly, 1987) from the TropFishR package (Mildenberger et al., 2017). Data is restructured through a process that emphasizes the cohorts through peaks and troughs in the data set, calculating a count score for each length bin based on count deviations as compared to the selected Moving Average - MA (Pauly et al., 1992).

The non-seasonal VBGF (Equation 1) is described by the following function (Von Bertalanffy, 1938):

 

where: Lt is length at age; L∞ is the asymptotic length or the mean length that the species of a given population would reach if they were to grow forever; K is the rate at which asymptotic size is approached; t0 is the age at which length is zero. Instead of the parameter t0, ELEFAN uses a yearly repeating temporal starting point for each cohort’s growth curve (time of the year when length of cohort equals zero), which TropFishR returns as “anchor time” (tanchor). This value ranges between 0 and 1.

The seasonal VBGF (2) was modelled with a Hoening function (Somers, 1988), described by the following:

 

where, the new parameter C is the relative amplitude of the seasonal oscillations and ts is the phase of the seasonal oscillations denoting the time of year corresponding to the start of the convex segment of sinusoidal oscillation (when growth turns positive). The Hoening function includes seasonality in growth, determining the amplitude of the effect of the season in growth and the beginning of the seasonal oscillation (Pauly et al., 1992).

The time of the year when the growth rate is slowest, known as the winter point (WP), was calculated according to Equation 3:

 

Growth performance (Equation 4) comparisons were made using the growth performance index (Φ’) described by the following function (Pauly and Munro, 1984):



The R package TropFishR (Mildenberger et al., 2017) performs the restructuring procedure within the ELEFAN functions. The VBGF models were fitted with the “ELEFAN_SA” optimization procedure, a method based on simulated annealing that offers significant improvements to the estimation of the VBGF parameters while also searching over all parameters simultaneously (Mildenberger et al., 2017; Taylor and Mildenberger, 2017). The algorithm searches for the best fit through a series of iterations (consecutive curve fitting attempts) and allows for unconstrained search for optimum combinations of growth parameters, including seasonality (Schwamborn et al., 2019).

Moving Average (MA) was set based on three different scenarios for both H. forskali and H. mammata. First scenario considers a general rule of thumb where an MA setting that approximates the number of bins spanning the width of the smallest mode, which should reflect the youngest cohort following recruitment to the fishery (Taylor and Mildenberger, 2017). Second setting is the value immediately bellow. The third setting was the value immediately above. For H. arguinensis, since in the first scenario MA = 3, the other two scenarios were adapted to MA = 5 and MA = 7. Different scenarios were tested since the MA settings can significantly affect the scoring of the growth curve (Taylor and Mildenberger, 2017). The remaining settings for the functions were chosen, ensuring the widest possible search for overall maximum and a large number of iterations (SA temp = 6e5;maxit = 1000; SA_time =2 min), to ensure full convergence of iterations towards one best fit value (Schwamborn et al., 2018; Schwamborn et al., 2019). The search space used during fit optimization was constant for all species with tanchor = 0-1, K = 0.1-2, C = 0-1 and ts = 0-1, varying only in the L∞ parameter, where the search space was defined by the bounds Lmax * 0.8 and Lmax * 1.2 (where Lmax is the maximum length registered for the species throughout the entire sampling period). Then local maxima were analysed in order to overcome the possibility of the curve fitting algorithms being captured by local maxima (Schwamborn et al., 2019). Fitting scores (Rn) were recorded for comparison, estimated according to Equation 5:

 

where the Estimated Sum of Peaks (ESP) is the sum of peak values crossed by the growth curves, with the caveat that positively crossed bins are only counted once, while negatively crossed bins are counted every time they are encountered (Pauly, 1985). The Available Sum of Peaks (ASP) is the sum of all positive peaks, which represents a maximum possible score (if negative bins are crossed).

Natural mortality (M) was estimated with the two VBGF parameter (K, L∞) based on the method from Then et al. (2015) [33] with the TropFishR package (Mildenberger et al., 2017). Age-at-length was back calculated from length using the seasonal estimated VBGF function, according to  Equation 2 (Ramírez-González et al., 2020) and finally, mean monthly growth rate was calculated as averages over the previous 12 months for age groups (Wilhelm et al., 2017; Ahmed et al., 2020).





3 Results

A total of 2019 H. mammata, 3590 H. forskali and 177 H. arguinensis were sampled between February 2018 and March 2019, all included in the VBGF models. The three species presented unimodal length distribution where the total length ranged from 11.9 to 51 cm for Holothuria mammata, 7 to 33 cm for Holothuria forskali and 8 to 49 cm for Holothuria arguinensis (Figure 2).




Figure 2 | Length class distribution of Holothuria mammata, Holothuria forskali and Holothuria arguinensis sampled in the Arrábida coastline, SW of Portugal from February 2018 to March 2019.



The different Moving Averages resulted in different model fitting scores (Rn) for the three species, where models selected were the ones with the highest fit and reasonable parameters (Table 1). Non-seasonal models presented worse fits to the data than seasonal models and this difference was more evident for Holothuria forskali.


Table 1 | Parameters for the seasonal VBGF models fitted with the simulated annealing optimization procedure.



Among the models the one with a MA width of 5 bins had the highest Rn for H. mammata and H. arguinensis, while for H. forskali, the MA that generated the best fit was 9. H. forskali revealed strong seasonal oscillation effect (C = 0.994) while this factor was lower for H. mammata and H. arguinensis (0.5999 and 0.7790, respectively; Table 1). The natural mortality rate (M) was higher for H. forskali.

Both H. mammata and H. arguinensis models show a good overall fit as reflected by the intersection of growth curves with positively scored bins (Figure 3) and the higher Rn scores, while for H. forskali this is only evident for younger cohorts.




Figure 3 | Age cohorts (dashed lines) estimated by the VBGF models run with the optimized simulated annealing ELEFAN procedure, fitted to the length-frequency data of Holothuria mammata, Holothuria arguinensis and Holothuria forskali. Black and white bars represent positively and negatively scored bins, respectively. Moving average settings considered were 5 for H. mammata and H. arguinensis and 9 for H. forskali.



The Winter point (WP) was 0.6 (July) for H. mammata, 0.17 (February) for H. forskali and 0.35 for H. arguinensis (April; Figure 4). Growth coefficient (K) was the lowest for H. mammata and higher for H. forskali and H. arguinensis and this is notable on the monthly mean growth rate, where H. forskali reaches asymptotic length faster.




Figure 4 | Length-at-age for seasonally oscillating Von Bertalanffy growth curve depicting Winter Point (WP) and Monthly mean (12 months) growth rate for Holothuria mammata, Holothuria forskali and Holothuria arguinensis.






4 Discussion

The studied region allowed the study of unexploited sea cucumber populations, which proved advantageous in accurately estimating natural growth parameters. A common occurrence in natural populations under severe fishing pressure is the absence of large individuals (Pauly et al., 1998). This leads to an underestimation of L∞ (Schwamborn et al., 2018) and an overestimation of K, due to the known interaction between the growth constant K and L∞. Consequently, an overestimation of K leads to an underestimation of a population’s ability to recover from fishing pressure (Schwamborn et al., 2019). The growth parameters provided by this study are therefore considered to be essential for these species since they are closer to a pristine condition.

To the best of our knowledge there are no reported growth parameters for H. mammata. The population of H. mammata in Arrábida’s coast is the healthiest found up to this moment (Félix et al., 2021), showing the largest individuals and the highest densities so far. It also has unimodal size-class distributions (Félix et al., 2021), as opposed to what has been reported by other studies (González-Wangüemert et al., 2014; Aydin and Erkan, 2015; González-Wangüemert et al., 2018). This is a reflection of good environmental conditions, successful recruitment and an unexploited population (Félix et al., 2021). Mortality rate of H. mammata was the lowest between the three species from this study. However, its growth rate is also the lowest. H. mammata is usually present in rocky reefs, hiding in crevices, and they either need to move to sandy patches to feed or they present diel feeding behaviour (Félix et al., 2021). These behaviours are size dependent and despite increasing survival, which is an adaptation against predation or disturbances from hydrodynamics, they represent a limitation to feeding opportunities and consequently, to the growth rate. This is an indication of a trade-off between growth and survival, as suggested for temperate species (Morgan, 2012), highlighting that while this species exhibits a lower mortality rate, representative of enhanced survival mechanisms, its growth rate is comparatively lower. The trade-off concept suggests that the allocation of resources to enhance survival, such as increased adaptations against predation or disturbances from hydrodynamics, may come at a cost to growth opportunities.

Holothuria forskali is an understudied species with few studies focusing on its biology and ecology (e.g. Tuwo and Conand, 1992; Santos et al., 2017; David et al., 2020; Azevedo e Silva et al., 2021; Ballesteros et al., 2021; Félix et al., 2024). To the best of our knowledge, this is the first study to report growth parameters for this species. H. forskali is the species with the highest growth rate between the three species, indicating that its asymptotic length is achieved faster. Considering this is the only species of the three with a defensive mechanism against predators (Cuvierian tubules; Muller et al., 1970; Azevedo e Silva et al., 2021), our findings indicate an evolutionary strategy in H. forskali, suggesting accelerated growth during the early stages: Given the reduced predation risk of this species, this growth pattern is inferred as an adaptive response to mitigate higher environmental stress conditions, since larger individuals would be more likely to remain stable in the substrate (Olaya-Restrepo et al., 2018). In fact, H. forskali is the more resilient species of all three to environmental stressors like hydrodynamics (Félix et al., 2024). However, it should be noted that K is relative to L∞ so a higher K does not necessarily mean that it is growing faster in absolute terms. In fact, according to the monthly growth rates, H. forskali and H. arguinensis seem to grow at around the same rate for the first year, after which H. forskali’s growth declines abruptly. Apart from having the highest K between the three species of this study, mortality rate of H. forskali is also the highest. In temperate coastal regions, where food may be seasonally abundant, the trade-off between achieving fast growth and reducing mortality explains a higher mortality in faster growing sea cucumbers (Hammond, 1982; Sonnenholzner, 2003; Morgan, 2012). Mortality could be due to predation of lower size class individuals or their inability to deal with physical stressors. A faster growth rate could be considered as an adaptive advantage since faster growth may have positive implications on mortality for some species (Ahmed et al., 2020). The models fit particularly well for the younger cohorts, however, this is not evident for older cohorts. The sample size is big enough to be considered representative, but it could be difficult to distinguish between the older, bigger cohorts. Since H. forskali eviscerates the Cuvierian tubules as a defensive mechanism, regenerating them comes at an energy cost (Vandenspiegel et al., 2000). The release of Cuvierian tubules could be a relevant factor contributing to the variability in growth rates. It can also be hypothesized that, while regenerating the Cuvierian tubules, this species may become more vulnerable to predation. Furthermore, in this region, H. forskali, shows evidence of two consecutive yearly reproductive peaks, which may have an added impact on somatic growth (unpublished data from the project at seacucumber.eu/en/projecto).

H. arguinensis presented a higher growth rate (K = 0.35 and L∞ = 53.03) than what was already reported for the Atlantic coast of Morocco (K = 0.17 and L∞ = 25.96; 0.29 and L∞ = 25.44; Haddi et al., 2021), but revealed a much slower growth rate than the populations at Ria Formosa, south of Portugal (K = 0.88 and L∞ = 69.90; Olaya-Restrepo et al., 2018). It is noteworthy, however, that the study for the Atlantic coast of Morocco used a recalculated length, based on both length and width, and this should be borne in mind when making a comparison. In the present study area, this species occurs exclusively on subtidal habitats. Nutrient rich subtidal environments provide more stable conditions for sea cucumber populations (Félix et al., 2021), particularly for H. arguinensis (Azevedo e Silva et al., 2023), but nutrient increases are seasonal and very dependent on upwelling events (Wooster et al., 1976). Moreover, faster growth rates in sea cucumbers under high stress conditions and in disturbed environments may help reducing mortality in younger holothurians (Morgan, 2012), so this could be considered as an adaptative advantage. In fact, the growth rate reported in that study (Olaya-Restrepo et al., 2018) is among the highest reported for sea cucumbers, even when considering tropical sea cucumbers and this could be linked to the high disturbance of the habitats coupled with the productivity of that ecosystem (Brito et al., 2009; Olaya-Restrepo et al., 2018). Nevertheless, the high fishing pressure in Ria Formosa showed already a significant reduction of the larger size classes (González-Wangüemert et al., 2018), which may have an influence in the estimation of the growth rate, increasing it. The combination of all factors may add up to justify the unusually high growth rate of H. arguinensis in Ria Formosa.

Assuming high growth rates and its advantages on the sustainability of the stocks can lead to neglecting a conservative management of the species and to a depletion of the stocks. This oversight could potentially lead to a slow, decade-long recovery, as pointed out for Holothuria nobilis (Uthicke et al., 2004). Slower growth rates have fundamental implications on the health of populations, primarily under high fishing pressure. It is important to ensure a highly conservative management for this species, guaranteeing an efficient monitoring of the populations. Even though Ria Formosa is a protected area, easy access to sea cucumbers facilitates illegal harvesting and implementation of restrictive measures should be reinforced.

Seasonal VBGF functions revealed a better fit to the data for the three species than non-seasonal VBGF functions. These results confirm seasonality in the growth of H. mammata, H. forskali and H. arguinensis, with seasonality being more evident in H. forskali species. In fact, H. forskali reveals a period of no growth during winter (February), while H. mammata and H. arguinensis have slower growth during early summer (June-July) and spring (April), respectively. Seasonal growth has been described for most temperate sea cucumber species (Morgan, 2012; Olaya-Restrepo et al., 2018), where annual cycles may limit food availability, drive reproductive behaviour and increase metabolism, leading to a fluctuation of body weight (Morgan, 2012) and consequently, body length (Azevedo e Silva et al., 2021). Indeed, H. forskali’s period of no growth coincides with the reported reproductive period for this species (Tuwo and Conand, 1992; Santos et al., 2017; unpublished data from the project at seacucumber.eu/en/projecto) and H. mammata and H. arguinensis’ slower growth periods also coincide with their reported reproductive periods (Marquet et al., 2017; Venâncio et al., 2022). The energy input into reproduction during breeding season (Poot-Salazar et al., 2014; Olaya-Restrepo et al., 2018) is consistent with our results that reveal growth during this period is slower or halted. Moreover, considering that sea cucumbers invest more energy into reproduction than growth (Ramírez-González et al., 2020), it should also be highlighted that most relative growth of the three species occurs during somatic growth, when sea cucumbers are not yet adult or ready to reproduce.

In this region, the productivity increases in the summer (Wooster et al., 1976; Costa et al., 2013), which coincides with the period when H. forskali’s growth increases. H. forskali presents a more selective feeding behaviour than the other two species, foraging on hard surfaces and selectively choosing food items, mostly composed of algae (Azevedo e Silva et al., 2021). Therefore, H. forskali may be more susceptible to seasonality that influences food quantity and quality. Temperature has been known to be a factor regulating the reproductive cycle of holothurians (Ahmed et al., 2020) and increase metabolism. In the study area, the temperature began increasing in January, peaking in October, but being generally higher during summer months (Félix et al., 2021; Venâncio et al., 2022). A higher temperature only seems to impact positively the growth of H. forskali as it likely increases its metabolism and positively affects food supply. On the other hand, it seems to negatively affect the growth of H. arguinensis and H. mammata. Since temperature seems to offset reproductive events for both these species (Marquet et al., 2017; Venâncio et al., 2022) this relationship between growth and temperature is explained by an allocation of resources into reproduction, a phenomenon described for sea cucumbers (Ru et al., 2018; Ahmed et al., 2020).

In the future, validating length-at-age model results with age determined from growth rings (Sun et al., 2019) will lead to more confidence in the models and more robust results. Growth studies provide valuable information that can help implement and improve management measures. However, studied populations should be monitored since a change in growth parameters could be the result of a change in the health of a population. The implications that incorrect assumptions can have on models are greatly enhanced by management decisions based on inflated growth estimates. The population traits of the species in the present study, in conjunction with the important ecological role of sea cucumbers, emphasize the need for conservative regulatory measures.
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