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Abstract

The increasing exploitation of sea cucumbers has driven widespread population declines,
highlighting the need to improve knowledge and understanding of the early life history
stages of exploited species such as Holothuria tubulosa, one of the most common holothuri-
ans along Mediterranean coasts. This study investigated larval settlement success and
juvenile early survival of H. tubulosa larvae, considering two algal biofilms as settlement
cues: the diatom Amphora sp. and the green alga Ulvella lens. Larvae were reared under
controlled hatchery conditions, and, once reaching the doliolaria stage, larvae were individ-
ually exposed to biofilm-conditioned substrates vs. a control without biofilm. Settlement
dynamics and larval development were monitored over 35 days and analysed using gener-
alised linear mixed models, while the biochemical composition of the biofilms was assessed
through protein, carbohydrate, and lipid quantifications. Larvae exposed to algal biofilms
successfully settled and metamorphosed, whereas no settlement occurred in the control.
U. lens induced the highest settlement success (54%) and supported subsequent juvenile
development, while Amphora sp. resulted in lower settlement rates (21%) and higher
post-settlement mortality. Although Amphora sp. showed higher protein and carbohydrate
content, settlement and survival were enhanced on U. lens, suggesting that biofilm structure
and biochemical cues play a primary role in regulating settlement processes. These findings
improve the understanding of settlement mechanisms in H. tubulosa and provide valuable
insights for hatchery production, conservation strategies, and the sustainable aquaculture
of Mediterranean sea cucumbers.

Keywords: holothurian; doliolaria; benthic recruitment; Amphora sp.; settlement cues;
Ulvella lens; Mediterranean Sea

1. Introduction
The high market value of sea cucumbers and the increasing global demand for

their products have driven a worldwide expansion of fisheries since the 1980s [1], lead-
ing to the overexploitation of several highly valuable species (i.e., Holothuria scabra and
Apostichopus japonicus). In some cases, populations have failed to recover through natural
self-recruitment [2,3]. Currently, approximately sixteen species are listed on the IUCN
Red List, with nine classified as vulnerable and seven as endangered. Moreover, four
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species are listed in the appendices of the Convention on International Trade in Endan-
gered Species (CITES) [4]. The delay in implementing—or absence of effective fisheries
regulatory measures—has contributed to the decline of newly targeted species, including
Mediterranean sea cucumbers, negatively affecting the conservation status of local wild
populations [5–7]. In response, the Italian Ministry of Agriculture, Food, and Forestry
has banned sea cucumber harvesting along the entire national coastline since 2018 [8].
Overexploitation of sea cucumber is exacerbated by intrinsic biological traits, including low
recruitment rates, density-dependent reproduction, and external fertilisation, combined
with the ease of capture and inadequate management practices [9,10]. Despite growing
interest in Mediterranean species such as Holothuria tubulosa, key life history traits remain
poorly understood [8]. Recent studies have attempted to address these gaps, particu-
larly regarding the species’ reproductive biology [11–16] and ecological functions [17–20],
whereas recruitment mechanisms and the ecological niche of early juvenile stages remain
completely unknown. This paper focuses on the species H. tubulosa (Gmelin, 1788) (Echino-
dermata: Holothuroidea), one of the most common sea cucumbers in the shallow water of
the Mediterranean Sea [8]. H. tubulosa is a broadcast spawner with external fertilisation
and exhibits a single yearly reproductive period [14]. Sperm and eggs are released into
the water column by the males and females, and, after the fertilisation and hatching of
the eggs is achieved, the motile swimming larval cycle begins with a feeding planktonic
stage called auricularia (early, mid, and late), followed by a non-feeding planktonic stage
called doliolaria, in which the larvaesettles into a benthic stage called pentactula and feeds
on the benthic substrate. The transition from swimming to the benthic stage is a critical
phase in which larvae move from the water column to the benthic environment, with
important consequences for population dynamics and ecosystem structure. The meta-
morphosis is typically triggered by specific environmental and chemical cues rather than
occurring spontaneously (ref. [21] and references within). The settlement requires both the
detection of physical or chemical cues and subsequent contact with a suitable substrate.
Once larvae reach competency and are capable of cue detection, successful settlement
is largely determined by the availability of appropriate substrate and the presence and
concentration of relevant cues in the surrounding water. Waterborne chemical signals from
conspecifics and from algal biofilm substrates can induce settlement and metamorphosis,
often in large settlement events [21]. These induction cues generally operate over short
distances, requiring larvae to be near their source, and settlement is completed only after
physical contact with the specific substrate [21].

As in other benthic marine invertebrates, larval settlement represents a critical
and complex transition regulated by anatomical change and interactions between bi-
otic and abiotic factors operating across spatial and temporal scales [21]. Both adult
echinoderms [22–24] and their larvae respond to environmental settlement cues that trigger
metamorphosis from planktonic to benthic life stages [25,26]. Settlement is associated with
the presence of a variety of cues, including waterborne signals from macroalgae, microalgae,
bacterial biofilms and microbiome, and adult conspecifics [26,27]. Detection of such cues by
competent larvae induces substrate attachment and irreversible metamorphosis, involving
the development of settlement structures (e.g., tentacles and podia) that mark the transition
to the benthic phase [26,28,29]. Several of these cues have been used to induce metamor-
phosis in marine invertebrates in mesocosms and as a food source for their rearing [30–36].
Specifically, some settlement cues for sea cucumbers include natural biofilms, seagrass
extracts, and benthic diatom biofilms [11,12,37–39]. Once the metamorphosis is complete,
post-larvae enter the juvenile stage and begin feeding on the settlement substrate.

Understanding how biofilms can drive the settlement is therefore essential for clar-
ifying recruitment dynamics and population resilience. To investigate the interaction
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between larval settlement and benthic substrates, this study evaluates the effects of two
algal biofilms: the diatom Amphora sp. and the green macroalgae Ulvella lens P.Crouan &
H.Crouan 1859 on settlement induction and metamorphic success in H. tubulosa. We further
assess the biochemical composition of these biofilms to explore whether nutritional quality
influences early post-larval and juvenile survival.

2. Materials and Methods
The larval rearing and the settlement trials were carried out at the Gillalab facility

(https://gillalab.it/, accessed on 20 January 2026) of the University of Cagliari, Sardinia.
The facility specialises in echinoderm reproduction [40]. The trials were carried out at the
purpose-built hatchery unit [41].

2.1. Plates Conditioning with Algal Biofilms

The induction of settlement and the metamorphic success were explored using two
biofilms: one with Amphora sp., a benthic diatom commonly used as a settlement cue
for invertebrate larvae [42,43], and the second with the green encrusting macroalgae
U. lens [44,45]. Both algal strains were monospecific but not axenic and were cultured
on site in 4 L of f/2 medium at a concentration of 1 mL/L. For the Amphora sp. culture,
sodium metasilicate (Na2SiO3) was added at a concentration of 1 mL/L [44]. The cultures
were maintained at 20 ◦C under a 12 h (light)/12 h (dark) photoperiod. The effect of the
biofilms was compared with plates without biofilms (control).

The experimental design used multiple chamber plates (six chambers per plate; four
replicates per treatment), each with a volume of 3 mL (18 mm diameter), in which algae
were inoculated. The treatment Amphora sp. was inoculated in experimental chambers
filled with f/2 medium supplemented with sodium metasilicate (Na2SiO3); the treatment
U. lens was inoculated in chambers filled with f/2 medium containing U. lens zoospores
obtained using the protocol described by Hannon et al. [45]. The plates inoculated with
U. lens and Amphora sp. were incubated under ambient light at 20 ◦C for 15 days prior to
the settlement trials to allow the growth of the algal biofilms. For the biochemical analyses
of biofilms, 50 extra Petri dishes (diameter: 92 mm) for each biofilm were conditioned with
the same protocol: the biofilm was collected, centrifugated, and about 15 g of wet weight of
biofilm were collected and freeze-dried to be subsequently analysed.

2.2. Larval Rearing and Competency

The induction of settlement and metamorphic success (i.e., the proportion of larvae
that completed metamorphosis into juveniles) was examined in full-sibling batches of
H. tubulosa. Sea cucumber larvae were reared in September 2021. The larvae were bred
in a 150 L tank (considering a density of 1 larva/mL) and were fed with a microalgae
pabulum made of a mix of different microalgal species that included Chaetoceros calcitrans,
Isochrysis galbana, and Tetraselmis suecica. The larvae were examined every three days,
and their subsequent metamorphosis was observed from the early auricularia stage to
the mid- and late stages. After 25 days of fertilisation, larvae reached the doliolaria stage
(407.7 ± 3.2 µm) (Figure 1). All doliolaria larvae were collected from a single batch of larvae,
and only those at the same stage were selected and singularly placed in the chamber. A total
of 72 doliolaria were transferred individually to the experimental chambers (one doliolaria
per chamber), which had been previously conditioned with the algal biofilm as described
above (Supplementary Figure S1). The biofilm cover was checked under microscope, and
only chambers fully covered with biofilm were used for the trial. For each treatment, we
considered four replicates, each containing six chambers.
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Figure 1. Larval development of Holothuria tubulosa from auricularia stage (a,b) to doliolaria
(c,d), pentactula (e), and finally juvenile (f). HS: hyaline sphere; T: tentacles; O: derma ossicles;
P: ambulacral podia.

Prior to transferring the doliolaria to the plates, the medium was exchanged for
seawater that had been treated with a sand filter, skimmer, ozone, and a series of cartridge
filters (50, 10, 1 µm) and then UV sterilised. The plates were kept at 24 ◦C with a 12 h
light/dark cycle, and the settlement experiment lasted 35 days, wherein clear signs of
feeding were evident in the plates. Fifty per cent of the water was exchanged daily, and
the larvae were observed under a stereomicroscope, by the same observer, every five days
to monitor settlement progress. Settlement was considered successful when the larvae
reached the pentactula stage and displayed the first tube foot (ambulacral podium) and the
five anterior tentacles (Figure 1) [38,39]. When the second posterior ambulacrum appeared,
the specimen was considered juvenile. This criterion was selected a priori based on our
hatchery experience with Holothuria tubulosa as an indicator of the transition from larval to
juvenile stage. Mortality of larvae, combined for doliolaria and pentactula, and the progress
of settlement were monitored every five days by observing the morphological changes
under a stereomicroscope. This interval was selected as a practical compromise to monitor
larval development and survival while minimising handling stress and disturbance to the
cultures. Settlement success was calculated as the ratio of settlers (pentactula and juveniles)
to initial larvae, expressed as a percentage.

2.3. Biochemical Analyses of Algal Biofilms

Carbohydrate extraction and analysis were performed using the phenol–sulfuric acid
method, according to Dubois et al. (1956) [46]. Briefly, 20 mg of lyophilised sample was
placed in a 15 mL Falcon tube with 5 mL of HCl (1 M), sonicated in a bath for 15 min, and
warmed in a hot water bath (100 ◦C) for 1 h. Following this, 100 µL of the sample was
diluted to 1 mL with deionised water. To the water extract was added 1 mL of phenol at
5% in deionised water (w·v−1) in a 15 mL Falcon tube and vigorously shaken in a vortex
for 3 min. After thorough mixing, 5 mL of H2SO4 (95.5%) was added slowly, with gentle
stirring at room temperature for 30 min. The samples were then cooled in freshwater
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and read at 488 nm against a control blank (H2O, 5% phenol, and H2SO4). The five-point
calibration curve of D-glucose (20–100 mg/L) was considered acceptable if r2 ≥ 0.997.

To determine the total lipids, as described by Chen and Vaidyanathan (2012) [47],
10 mg of lyophilised sample was suspended in 40 µL of PBS 0.05 M (pH 7.4) with 460 µL of
NaOH 1 N/MeOH (75/25), and the cells were fragmented in the vortex for 10 min in the
presence of glass beads. Subsequently, 1 mL of NaOH 1 N in MeOH (75/25) was added,
and the resulting suspension was vortexed for 5 min. Saponification was performed by
heating at 100 ◦C for 30 min.

The solution was cooled down to room temperature and centrifuged at 3154× g at
10 ◦C for 5 min to precipitate cell debris. An aliquot of 1 mL of the solution was transferred
to a Falcon tube, combined with 3 mL of CHCl3/MeOH (2/1) and 0.5 mL of 0.88% KCl,
vortexed, and centrifuged at 3154× g at 10 ◦C for 10 min to obtain three distinct phases.
The total lipids were calculated by weight, evaporating 1 mL of the organic solution under
a gentle nitrogen stream.

The extraction and analysis of the proteins were performed according to Lowry
et al. [48], as rearranged by Rice (1982) [49]. Briefly, 10 mg of lyophilised sample was
placed in a 15 mL Falcon tube with 1 mL of deionised water, vigorously shaken in a vortex
(1 min), and sonicated for 3 min with 30 s intervals between each minute of sonication.
After adding 0.9 mL of Solution A (2 g of Na-K tartrate and 100 g Na2CO3 anhydrous in
500 mL of 1 N NaOH diluted to 1000 mL with deionised water), the tube was shaken for
1 min and was heated in a hot water bath (50 ◦C) for 10 min. To each tube was added
0.1 mL of Solution B (2 g of Na-K tartrate + 1 g of CuSO4 + 90 mL of deionised water and
10 mL of 1 N NaOH), and the tube was shaken with a vortex (1 min) and left to react for
10 min at room temperature. To each tube was added 3 mL of Solution C (1 mL of Folin–
Ciocalteau reagent diluted with 15 mL of deionised water), vigorously shaken for 1 min,
and heated in a hot water bath (50 ◦C) for 10 min. Subsequently, the tubes are centrifuged
for 10 min at 4000 rpm. The supernatant was analysed with a Cary 50 Varian Inc. (Palo
Alto, CA, USA) spectrophotometer at 650 nm against a reagent-deionised water blank.
Analytical quantification was carried out using a five-point calibration graph using BSA
(bovine albumin) from 20 to 300 mg L−1. Calibration curves were considered acceptable if
r2 ≥ 0.997.

2.4. Statistical Analysis

Larval development (settlement success) was analysed using generalised linear mixed-
effects models (GLMMs) with a binomial error distribution. These were fitted using
Laplace approximation with the lme4 package for R [50]. Three separate models were
fitted to analyse: (i) the occurrence of the pentactula stage, (ii) larval mortality, and (iii) the
proportion of larvae remaining in the doliolaria stage.

The full model structure was specified as:

Response ∼ Treatment × Time + (1|Replicate)

Biofilm treatment (Amphora sp., U. lens, and control) was included as a fixed factor,
while time (expressed in 5-day intervals) was treated as a continuous predictor to model
temporal trends. The interaction between treatment and time was included in the model.
Replicate identity was included as a random intercept to account for repeated observations
of the same experimental units over time. Due to the complete absence of pentactula larvae
in the control treatment, analyses of the pentactula stage were restricted to the U. lens and
Amphora sp. treatments.

Model diagnostics were assessed using the DHARMa package [51], which revealed
no significant deviation from model assumptions. Overdispersion was evaluated based
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on Pearson residuals, and no evidence of extra-binomial variation was detected in any of
the fitted models (dispersion ratio c.a. 1). Model significance was assessed using Wald
X2 tests [52] implemented in the car package [53]. Estimated marginal means and pre-
dicted probabilities of the models were obtained using the emmeans package [54] and
back-transformed to the response scale to facilitate biological interpretation and visualisa-
tion of the effects of treatment and time.

Differences in the quantity and biochemical composition (proteins, carbohydrates,
and lipids) of the algal biofilms were investigated using univariate permutational anal-
yses of variance (PERMANOVA), with species (Amphora sp. and U. lens) as the factor.
PERMANOVA is a semiparametric method described as a geometric partitioning of mul-
tivariate variation in the space of a chosen dissimilarity measure according to a given
ANOVA design, with p-values obtained using appropriate distribution-free permutation
techniques [55]. PERMANOVA on one response variable using Euclidean distance yields
the classical univariate F statistic, so that it can also be used to do univariate ANOVA,
but where p-values are obtained by permutation, thus avoiding the assumption of nor-
mality [55]. PERMANOVA tests were carried out on a resemblance matrix based on the
Euclidean distance of the data, using 999 random permutations of the appropriate units [55],
using the routines included in the PRIMER 7+ software [56].

3. Results
3.1. Effect of Algal Biofilm on the Settlement of H. tubulosa

The settlement trials revealed that competent larvae are sensitive to algal biofilms,
with sensitivity increasing as the experiment progressed (Figure 2). The proportion of
swimming doliolaria in the treatment with both algal biofilms decreased as the larvae
settled in the experimental plates (Figure 2). Specifically, the swimming doliolaria larvae
first disappeared with the U. lens biofilm (after 20 days), followed by the Amphora sp.
biofilm (after 30 days) (Figure 2). By contrast, 62% of the swimming doliolaria were still
present and actively swimming in the control plates at the end of the experiment (Figure 2).
In all treatments, except the control, where no settlement occurred, the pentactula stage was
observed within five days, and their number increased until day 25 in all the treatments
involving algal biofilms. However, after day 30, a reduction in the number of settled
pentactula was observed, caused by the death of some post-settlers.

Figure 2. Temporal changes in larval developmental stages under different biofilm treatments.
Stacked bar plots show the mean percentage of larvae in the doliolaria (blue), pentactula (green), and
death (red) categories over time (days) for the control, U. lens, and Amphora sp. treatments. Sample
size was n = 4 per treatment at each time point.
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The success of the settlement, expressed as the percentage of the ratio between the
number of settlers and the initial number of larvae, was estimated at the end of the
experiment (35th day). The highest success rate was observed in the treatment with U. lens,
where 54% ± 12.5 SE of the larvae underwent metamorphosis. This was followed by the
Amphora sp. treatment, where 21% ± 12.5 SE of the larvae settled (Figure 2). Post-settler
development was considered as the number of post-larvae reaching the juvenile stage. The
best performance was observed in the treatment with U. lens, with 25% of the post-settlers
reaching the juvenile stage, followed by the treatment with Amphora sp., with only 4% of
juveniles. Interestingly, the highest mortality was observed in the treatment Amphora sp.
(80%), whereas it was 46% and 38% in U. lens and the control, respectively. Moreover, the
settlement plates with U. lens clearly showed traces of sea cucumbers feeding and their
faeces, whereas no clear trace of feeding was observed in the Amphora sp. plates.

The generalised linear mixed-effects models confirmed the patterns (Figure 3). The
proportion of larvae remaining in the doliolaria stage was significantly affected by both
biofilm treatment and time (GLMM, Wald χ2 = 69.49 and 79.09, respectively, p < 0.001
for both). A highly significant treatment × time interaction was detected (χ2 = 28.76,
p < 0.001), indicating that the temporal decline of the doliolaria stage differed markedly
among treatments. Notably, larvae treated with U. lens experienced a rapid loss of the
doliolaria stage, whereas doliolaria larvae persisted for longer in the control, with Amphora
sp. exhibiting an intermediate pattern.

Figure 3. Predicted probabilities of larval developmental stages over time based on generalised
linear mixed-effects models (GLMMs). Panels show model-based predictions for (a) doliolaria,
(b) pentactula, and (c) mortality as a function of time (days) under different biofilm treatments
(Control, U. lens, Amphora sp.). Lines represent predicted values, and shaded areas indicate
95% confidence intervals. Sample size was n = 4 per treatment at each time point.
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The occurrence of the pentactula stage was strongly influenced by time, with a signifi-
cant increase in the probability of reaching this developmental stage over the course of the
experiment (GLMM, Wald χ2 = 44.17, p < 0.001). A significant effect of biofilm treatment
was also detected, indicating differences in overall pentactula occurrence between U. lens
and Amphora sp. (χ2 = 5.96, p = 0.015). The interaction between treatment and time was
not significant (χ2 = 3.61, p = 0.057), suggesting there were no strong treatment-specific
temporal trajectories in the progression towards the pentactula stage.

Larval mortality increased significantly over time in all treatments (GLMM,
Wald χ2 = 55.59, p < 0.001), indicating a strong temporal effect on survival. In contrast,
no significant differences in overall mortality were observed among feeding treatments
(χ2 = 3.00, p = 0.223). The interaction between treatment and time was also marginally
significant (χ2 = 5.63, p = 0.060), suggesting that there were no strong treatment-specific
temporal patterns in mortality dynamics.

3.2. Biochemical Composition of Algal Biofilms

Biochemical analyses showed significant differences in the compositions of the two
biofilms (Table 1). The protein content was 2.7 times higher in Amphora sp. than in
U. lens, while the carbohydrate content was 1.2 times higher in Amphora sp. than in
U. lens. There was no difference in the lipid content between the biofilms (Table 1,
Figure 4). The biochemical composition of the dry biomass of the two biofilms was domi-
nated by carbohydrates (21% for Amphora sp. and 19% for U. lens), followed by proteins
(16% Amphora sp. and 6% U. lens) and lipids (4% Amphora sp. and 3% U. lens). Furthermore,
the moisture content of the two algal biofilms was similar (5–7%), whereas the ash content
was higher in U. lens (31%) than in Amphora sp. (15%).

Table 1. Data on the biochemical composition of biofilms (mean ± SE) and the results of the
PERMANOVA for the differences in the biochemical composition of the two biofilms Amphora sp.
and U. lens. DW = dry weight; P (MC) = probability level after Monte Carlo simulations.

Amphora sp.
(mg g−1 DW)

U. lens
(mg g−1 DW) P (MC)

Protein 163.332 ± 3.532 60.433 ± 2.23 0.001
Carbohydrate 208.843 ± 7.123 185.265 ± 2.317 0.030

Lipid 38.759 ± 1.598 34.555 ± 1.862 0.144

Figure 4. Biochemical composition of the two algal biofilms Amphora sp. and Ulvella lens in terms of
protein content (a), lipid content (b), and carbohydrate content (c). Data are expressed as mg g−1 dry
weight (mean ± SE).
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4. Discussion
The settlement process in sea cucumbers is still poorly understood in natural envi-

ronments. This is primarily due to the difficulty of locating recruits and juveniles, which
are often cryptic and dispersed over large areas. Consequently, in situ observations and
studies are highly challenging, and the dynamics of settlement and early growth remain
largely unexplored. On the other hand, valuable sea cucumbers can be cultivated in cap-
tivity to meet consumer demand for use in Integrated Multitrophic Aquaculture (IMTA)
or biotechnological applications. Ecologically, reared sea cucumbers can be used as a tool
to restore benthic ecosystems, enhance sediment quality, and support nutrient cycling in
degraded habitats.

Commercial-scale hatchery techniques developed for Indo-Pacific species could poten-
tially be adapted for Mediterranean species. Nevertheless, a major bottleneck in production
remains the larval settlement stage, during which the final planktonic larvae settle and
undergo metamorphosis to transition to a benthic life [11,17,38,39,57–60]. Understanding
and optimising this critical stage is therefore essential for improving culture practices, as it
defines the baseline for the life history traits of this key ecological species and is valuable. To
stimulate the settlement, sea cucumber larvae are typically exposed to natural biofilms by
immersing the plate in diatoms or adding an extract of Sargassum sp. or seagrass leaves [37].
Larval settlement can also be encouraged using different surfaces such as oyster and scallop
shells, which are highly effective for A. japonicus [61]. In this study, it was observed that
doliolaria larvae exhibited exploratory behaviour, repeatedly touching the surface with the
tentacles, briefly attaching and then swimming away before finally settling and proceeding
with metamorphosis. This observation is consistent with previous observations [26,62].

The results reported in this paper showed that both algal biofilms allowed the settle-
ment of the doliolaria and its metamorphosis into pentactula, albeit with varying degrees
of success. Specifically, the best settlement performance was observed with the biofilms
produced by U. lens, followed by those of Amphora sp. This set of biofilms is relatively
new in terms of sea cucumber settlement induction, and the results obtained are diffi-
cult to compare with reference data from the literature. However, the U. lens biofilm has
been reported to improve the settlement of other echinoderms such as the sea urchins
Strongylocentrotus intermedius and Paracentrotus lividus [25,44]. The only study to explore the
survival of H. tubulosa settlers and post-settlers was conducted by Rakaj et al. (2018) [39]
using benthic diatoms (Navicula spp., Nitzschia spp., and Phaeodactylum tricornutum) as
settlement substrates, achieving a 7% survival rate for post-settlers after 30 days. However,
the authors reported that this survival rate may have been underestimated.

The settlement process is the transition between planktonic larval phase and a benthic
post-larval phase, which is complex and comprises a cascade of events, including the
location, exploration, and selection of suitable benthic habitat and metamorphosis to adapt
from a pelagic to a benthic lifecycle. The settlement for sea cucumbers, as well as for
other echinoderms, is characterised by natural high mortality [21]. The mortality observed
here was significant only over time, between 40 and 80%, without the effect of treatments;
however, this finding should be interpreted with caution, given the relatively small sample
size and high variability. Nonetheless, this mortality rate is consistent with a previous
research study on this species [38] and is corroborated by the generally high mortality
rates of holothurian larvae, with only a small proportion of larvae successfully completing
development and settlement [21].

A particularly interesting result obtained in this paper was that the larvae that survived
on the control plates remained in the doliolaria stage throughout the experiment, and no
settlement occured. This indicates that (a) the absence of biofilm will inhibit the settlement,
(b) the presence of certain cues is necessary for H. tubulosa to undergo metamorphosis, and
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(c) larvae can delay metamorphosis when no suitable substrate is available. In the control
condition, competent larvae may continue to swim and return to the water column. Similar
behaviour has also been observed in Holothuria scabra, which can delay the settlement for a
relatively short period (about 96 h) [63]. Stichopus californicus could even survive ten days
in the absence of suitable substrate [64], and Cucumaria frondosa larvae can survive for eight
days [65]. However, because doliolaria larvae are in a non-feeding stage but actively swim,
as reported in a previous study, the larval size decreases due to the utilisation of endogenous
resources, mainly stored in the hyaline sphere [66,67]. For this reason, settlement speed
is crucial for successfully completing metamorphosis and surviving. Although we did
not measure the energy depletion, the persistence of the doliolaria stage in the control
plates and the different effects of the settlement biofilms, compared to the control, can
be interpreted with the desperate larva hypothesis. According to this hypothesis [68],
and its revision to be applicable to the non-feeding stage of the larval cycle [68], as the
non-feeding stage of doliolaria continues, the larvae become “desperate” to settle, and their
selectivity towards the substratum decreases. Consequently, the larvae will take the risk of
settling on non-optimal substrates and performing metamorphosis rather than extending
the planktonic period. As a result, the older larvae will only settle, but only in response to
a minimum cue, because metamorphosing in the absence of substratum would be fatal for
the post-settler that feeds [68]. The low number of juveniles in the Amphora sp. treatment
(4%) suggests that, while the cues for settlement appear sufficient to induce it, they may
not ensure the survival and growth of the post-settlers.

Biochemical analyses of the biofilms revealed that Amphora sp. had a higher nutritional
value than U. lens in terms of protein and carbohydrate content. This suggests that settle-
ment performance is not solely related to the nutritional characteristics of the substrate.
The observed results may also be influenced by the presence of bioactive compounds acting
as chemical cues that the larvae are sensitive to. Previous studies have used lipidomic
approaches to identify compounds such as glycoglycerolipids, as well as surface-bound
molecules, as potential mediators of settlement and metamorphosis in marine inverte-
brates [69,70]. In this context, the presence of glycoglycerolipids in U. lens extracts may
represent a plausible contributing factor, as reported for the sea urchins Strongylocentrotus
intermedius and Strongylocentrotu nudus [25]. However, these compounds were not directly
identified or quantified in the present study, and their specific role as settlement cues
remains to be confirmed. Another possible explanation for our results is that the different
performances of the juveniles could be related to the microscopic characteristics of the
biofilm. The species of diatom used in this study exhibits a growth form known as Type A,
which is typically observed in Amphora angusta var. ventricosa, Navicula sp., and Nitzschia
sp. [71]. This growth form is characterised by solitary cells with a prostrate form, swift
gliding movement, and low adhesive strength [72]. Conversely, U. lens shows a more
three-dimensional growth shape [73], which may have facilitated the adhesion to the buccal
tentacles and ingestion. This assumption is also supported by the absence of visible faeces
on the diatom plates, in contrast to what was observed with U. lens. However, the detailed
structure and specific biochemical components of the biofilm matrix, as well as the effect of
possible bacterial contamination, were not specifically investigated in the present study.

Overall, our results indicate that diatom taxa, such as those related to Amphora sp.
and the green encrusting macroalgae U. lens, which are common and ecologically relevant
components of Mediterranean coastal communities [74], can play an important role in
promoting the settlement of H. tubulosa in natural environments. However, the observed
differences in settlement cannot be fully explained by quantitative biochemical composition
alone. Other factors, including the structural characteristics of the biofilm, the presence
of associated bacterial communities, and potential bioactive compounds, are also likely to
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contribute. Clarifying these mechanisms would require targeted chemical and structural
analyses, which are beyond the scope of the present study and should be addressed in
future research.

5. Conclusions
Our findings demonstrate that specific environmental cues are required to trigger

the settlement and metamorphosis of doliolaria larvae into the pentactula stage. Among
the tested substrates, Ulvella lens induced the highest settlement success, while larvae
maintained in the control, without settlement cues, remained in the doliolaria stage without
performing the settlement, confirming that competent larvae can delay metamorphosis in
the absence of suitable cues.

By clarifying the ecological drivers of settlement in H. tubulosa, this study contributes
to a better understanding of recruitment dynamics and population persistence in exploited
Mediterranean sea cucumbers. Such knowledge is essential for evidence-based resource
management, conservation planning, and the development of sustainable IMTA strategies,
as well as for enhancing the species’ potential role in bioremediation processes.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/d18040204/s1. Supplementary Figure S1: Experimental design of the trails.

Author Contributions: Conceptualization, V.P.; methodology, V.P. and M.M.; software, V.P. and F.P.;
formal analysis, V.P. and M.M.; resources, P.A.; data curation, V.P. and M.M.; writing—original draft
preparation, V.P.; writing—review and editing, V.P., F.P., A.A., C.H., P.S., and P.A.; supervision, P.A.
and A.A.; funding acquisition, P.A. All authors have read and agreed to the published version of
the manuscript.

Funding: We acknowledge financial support under the National Recovery and Resilience Plan
(NRRP), Mission 4 Component 2 Investment 1.5—Call for tender No. 3277, published on 30 December
2021 by the Italian Ministry of University and Research (MUR), funded by the European Union—
NextGenerationEU; Project Code ECS0000038—Project Title eINS Ecosystem of Innovation for Next
Generation Sardinia—CUP F53C22000430001—Grant Assignment Decree No. 1056, adopted on
23 June 2022 by the Italian Ministry of University and Research (MUR); and the EU co-founded
project “InEVal: Increasing Echinoderm Value Chains” (grant n. ID 101 InEVal), funded by ERA-NET
BlueBio programme.

Institutional Review Board Statement: Ethical review and approval was not required for the use
of the sea cucumber Holothuria tubulosa larvae and post-larvae. All experimental procedures are
fully compliant with European Directive 2010/63/EU concerning animal protection during the
scientific research. The collection of sea cucumbers was authorised with a scientific research permit
for echinoderms by Regione Autonoma della Sardegna (Prot. N. 6261, 3 May 2018; Prot. N. 1845,
6 February 2019; Prot. N. 20,735, 28 November 2019; Prot. N. 810, 31 January 2021; Prot. N. 0023,738,
3 February 2022).

Data Availability Statement: The original data presented in the study are openly available at
https://github.com/vivianapasquini/dataset_Sea-Cucumber_Biochem-Analyses (accessed on the
25 March 2026) at DOI: 10.5281/zenodo.19204249.

Acknowledgments: We are thankful to Marco Secci and Marco Maxia (Agris Sardinia Agency) for
their help in the field and sampling activities. The collection of sea cucumbers was authorised with
a scientific research permit for echinoderms by Regione Autonoma della Sardegna (Prot. N. 6261,
3 May 2018; Prot. N. 1845, 6 February 2019; Prot. N. 20735, 28 November 2019). The authors have
reviewed and edited the output and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/d18040204

https://www.mdpi.com/article/10.3390/d18040204/s1
https://www.mdpi.com/article/10.3390/d18040204/s1
https://github.com/vivianapasquini/dataset_Sea-Cucumber_Biochem-Analyses
https://doi.org/10.3390/d18040204


Diversity 2026, 18, 204 12 of 14

References
1. Purcell, S.W.; Mercier, A.; Conand, C.; Hamel, J.-F.; Toral-Granda, M.V.; Lovatelli, A.; Uthicke, S. Sea cucumber fisheries: Global

analysis of stocks, management measures and drivers of overfishing. Fish Fish. 2013, 14, 34–59. [CrossRef]
2. Friedman, K.; Eriksson, H.; Tardy, E.; Pakoa, K. Management of sea cucumber stocks: Patterns of vulnerability and recovery of

sea cucumber stocks impacted by fishing. Fish Fish. 2011, 12, 75–93. [CrossRef]
3. Ramírez-González, J.; Moity, N.; Andrade-Vera, S.; Reyes, H. Overexploitation and More Than a Decade of Failed Management

Leads to No Recovery of the Galápagos Sea Cucumber Fishery. Front. Mar. Sci. 2020, 7, 554314. [CrossRef]
4. Conand, C.; Polidoro, B.; Mercier, A.; Gamboa, R.; Hamel, J.F.; Purcell, S. The IUCN Red List assessment of aspidochirotid sea

cucumbers and its implications. SPC Beche-De-Mer Inf. Bull. 2014, 34, 3–7.
5. Gonzàlez-Wangüemert, M.; Valente, S.; Aydin, M. Effects of fishery protection on biometry and genetic structure of two target sea

cucumber species from the Mediterranean Sea. Hydrobiologia 2015, 743, 65–74. [CrossRef]
6. González-Wangüemert, M.; Domínguez-Godino, J.A.; Cánovas, F. The fast development of sea cucumber fisheries in the

Mediterranean and NE Atlantic waters: From a new marine resource to its over-exploitation. Ocean Coast. Manag. 2018, 151,
165–177. [CrossRef]

7. Dereli, H.; Aydin, M. Sea cucumber fishery in Turkey: Management regulations and their efficiency. Reg. Stud. Mar. Sci. 2021,
41, 101551. [CrossRef]

8. Pasquini, V.; Giglioli, A.A.; Pusceddu, A.; Addis, P. Biology, ecology and management perspectives of overexploited deposit-
feeders sea cucumbers, with focus on Holothuria tubulosa (Gmelin, 1788). Adv. Oceanogr. Limnol. 2021, 12, 9995. [CrossRef]

9. Kinch, J.; Purcell, S.; Uthicke, S.; Friederich, K. Population status, fisheries and trade of sea cucumbers in the Western Central
Pacific. In Sea Cucumbers: A Global Review of Fisheries and Trade; Toral-Granda, M.V., Lovatelli, A., Vasconcellos, M., Eds.; FAO
Fisheries and Aquaculture Technical Paper; FAO: Rome, Italy, 2008; Volume 516, pp. 7–55.

10. Purcell, S.W. Managing Sea Cucumber Fisheries with an Ecosystem Approach; Lovatelli, A., Vasconcellos, M., Yimin, Y., Eds.; FAO
Fisheries and Aquaculture Technical Paper No. 520; FAO: Rome, Italy, 2010; 157p.

11. Domínguez-Godino, J.A.; González-Wangüemert, M. Breeding and larval development of Holothuria mammata, a new target
species for aquaculture. Aquac. Res. 2018, 49, 1430–1440. [CrossRef]

12. Domínguez-Godino, J.A.; Slater, M.J.; Hannon, C.; González-Wangüermert, M. A new species for sea cucumber ranching and
aquaculture: Breeding and rearing of Holothuria arguinensis. Aquaculture 2015, 438, 122–128. [CrossRef]

13. Marquet, N.; Conand, C.; Power, D.M.; Canário, A.V.; González-Wangüemert, M. Sea cucumbers, Holothuria arguinensis and H.
mammata, from the southern Iberian Peninsula: Variation in reproductive activity between populations from different habitats.
Fish. Res. 2017, 191, 120–130. [CrossRef]

14. Pasquini, V.; Porcu, C.; Marongiu, M.F.; Follesa, M.C.; Giglioli, A.A.; Addis, P. New insights upon the reproductive biology of
the sea cucumber Holothuria tubulosa (Echinodermata, holothuroidea) in the Mediterranean: Implications for management and
domestication. Front. Mar. Sci. 2022, 9, 1029147. [CrossRef]
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