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INTRODUCTION

Rising global demand for marine resources and
overfishing of wild stocks have led to widespread
interest in stocking aquaculture-reared animals into
the wild for restocking, sea ranching and sea farming
(Bell et al. 2005, 2008). There is a long history of
stocking finfish into the sea, but invertebrate stock-
ing is a relatively recent endeavour (Bell et al. 2005,
Bartley & Bell 2008, Leber 2012). Well-documented
programs include the restocking and sea ranching of
scallops, sea urchins, abalone and other bivalves (Ar -
nold 2008, Okuzawa et al. 2008), blue crabs (Davis et

al. 2005, Hines et al. 2008, Zohar et al. 2008), mud
crabs (Okuzawa et al. 2008), lobsters and crayfish
(Bannister & Addison 1998), queen conch (Brown-
scombe et al. 2015), giant clams (Andréfouet et al.
2005, Gomez & Mingoa-Licuanan 2006, Okuzawa et
al. 2008), topshell gastropods (Castell et al. 1996, Pur-
cell 2004a, Purcell & Cheng 2010) and sea cucumbers
(Lovatelli et al. 2004, Battaglene & Bell 2008, Purcell
2012, Juinio-Meñez et al. 2017). Initial efforts were
plagued by high mortality of released juveniles and
low economic returns due to a lack of knowledge
about the technology and ecology of releasing juve-
niles into the wild, leading to studies to improve
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ABSTRACT: The success of marine stocking programs hinges on releasing hatchery-produced
juvenile animals into the optimal marine habitat. This study sought to identify optimal microhabi-
tat features of coastal seagrass meadows for juvenile sea cucumbers Holothuria scabra, a species
cultured widely for stock restoration, sea ranching and sea farming. Groups of 25 juveniles were
released into 30 replicate 1 m2 open sea pens embedded into sediments in a coastal bay of New
Caledonia at sites with varying biotic and physical features. Survival after 8 to 10 d ranged from 0
to 100% and averaged 77%. Boosted regression tree analyses found that different  variables
affected survival, growth and burying behaviour. Survival was significantly higher at shallow
depths with intermediate seagrass cover (~42%). Growth rate was significantly higher at compa-
rable intermediate seagrass cover (~34%) and for smaller juveniles, presumably displaying com-
pensatory growth. Burying frequency of juveniles was largely explained by habitat variables,
notably a high organic carbon content of sediments and shallow seawater depths. Juveniles sur-
vived better where they buried more frequently, providing empirical evidence of a predator-
avoidance mechanism. Our findings reveal that marine animals can display non-linear responses
to habitat features such as seagrass cover. These marine invertebrates should be released in habi-
tats that optimize survival, growth and behaviours and be spread among multiple sites to mitigate
against stochastic mortality events. This experimental approach offers clear advantages over
 factorial designs for identifying optimal habitats for captive-release programs.
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release strategies and track the survival of released
animals (Bartley & Bell 2008). Experimental designs
and scientific approaches to determine the habitats
to release juvenile invertebrates have been basic
(Table 1) and need improvement to optimise the suc-
cess of stocking programs.

Mortality in the wild of hatchery-produced juve-
niles of a variety of invertebrate taxa is typically high
soon after release, often occuring during the first day
or within the first month (Crowe et al. 2002, Oliver et
al. 2005, Dixon et al. 2006, Purcell & Simutoga 2008).
Key determinants of survival of the juveniles include
the size at release and the density and habitat in
which animals are released (Munro & Bell 1997, Bell
et al. 2005). Size at release can influence mortality

rates because predation risk declines as juveniles
grow larger, but releasing larger juveniles is more
costly (Molony et al. 2003, Leber et al. 2005, Roberts
et al. 2007, Purcell & Simutoga 2008). Animals
released in suboptimal habitats either migrate out of
the areas in search of more suitable conditions, are
eaten rapidly because they are vulnerable to preda-
tors (Bartley & Bell 2008) or perish through environ-
mental stress or malnutrition (Dance et al. 2003),
competitive exclusion and other stressful conditions
(Childress & Herrnkind 2001, Purcell 2004b, Purcell
& Cheng 2010). Density of released individuals can
also be important, as mortality can be density-depen-
dent for many invertebrate species (Beal & Kraus
2002, Hines et al. 2008).
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Species                                Common name           Location                      Design                                                      Reference

Holothuria scabra               Sandfish                      Solomon Islands         Factorial design (habitat types,             Dance et al. (2003)
                                                                                                                     mangrove−seagrass combinations 
                                                                                                                     and coral reef types)                                
                                                                                 New Caledonia          Exploratory; effects of microhabitat      Purcell & Simutoga (2008)
                                                                                                                     (seagrass composition, sediment size, 
                                                                                                                     organic content) examined in multi-
                                                                                                                     variable biplot                                          
                                                                                 Papua New Guinea   Exploratory; effects of microhabitat      Hair et al. (2016)
                                                                                                                     (seagrass composition, sediment size, 
                                                                                                                     organic content) examined in multi-
                                                                                                                     variable biplot                                          

Penaeus esculentus            Brown tiger prawn    Northern Australia    Factorial design, substratum types        Kenyon et al. (1995)
                                                                                                                     (2 seagrass habitats and 1 bare 
                                                                                                                     substratum), effects on predation          

Penaeus semisulcatus        Green tiger prawn     Northern Australia    Factorial design, comparing growth     Loneragan et al. (2001)
                                                                                                                     rates between 2 levels of plant 
                                                                                                                     biomass                                                     

Callinectes sapidus            Chesapeake Bay       Chesapeake Bay        Factorial design, 3 depths, 4 coves,       Hines et al. (2008)
                                            blue crab                                                         2 positions in the river                             

Carcinus maenas                Shore crab                  Western Sweden        Factorial design, habitat types               Moksnes (2002)
                                                                                                                     (mussels, algae, eelgrass, open sand)

Jasus edwardsii                  Red rock lobster         New Zealand             Factorial design, 3 shelter shapes,        Booth & Ayers (2005)
                                                                                                                     4 hole sizes, pairwise tests

Panulirus argus                  Caribbean spiny        Florida                        Factorial design, hard bottom vs.          Behringer et al. (2009)
                                            lobster                                                             seagrass habitats

Palinurus elephas               European spiny         Sicily                           Factorial design, 3 shelter shapes,        Gristina et al. (2009)
                                            lobster                                                             5 shelter sizes, 2 substrate slopes

Mercenaria mercenaria     Hard clam                  North Carolina           Factorial design, 3 levels of                    Irlandi (1994)
                                                                                                                     seagrass % cover

Lobatus gigas                      Queen conch              Bahamas                     Factorial design, 3 levels of                    Ray & Stoner (1995)
                                                                                                                     seagrass % cover
                                                                                 Bahamas                     Factorial design, habitat types               Brownscombe et al. (2015)
                                                                                                                     (seagrass, rubble) and regression

Haliotis laevigata               Greenlip abalone       South Australia          Factorial design, 2 habitat types            Dixon et al. (2006)
                                                                                                                     (layers of boulders)

Table 1. Examples of captive release studies on marine invertebrates that specifically tested the effects of habitat
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A key knowledge gap still hindering the success of
stocking for many invertebrate taxa is the specific
(micro)-habitat requirements of newly released juve-
niles. Finding the ideal habitat for releasing juveniles
is more critical for slow-moving invertebrates than
for fishes, which can easily move away from un -
favourable habitats (Gillanders et al. 2003). Specific
nursery habitats occupied most by wild juveniles
would point to suitable habitats for release, but data
on habitat preferences of wild juveniles are lacking
for many invertebrate taxa (Conand 1989, Shiell
2004, Wolfe & Byrne 2017). Equally, identified juve-
nile habitats might not be optimal, as they can be
extremely limited in size, thus limiting area sizes for
juvenile release, or may be determined by current-
driven larval distribution or stochastic events rather
than specific environmental characteristics (Slater &
Jeffs 2010, Slater et al. 2010). Owing to ontogenetic
habitat shifts, the habitats most preferred by adults
are not reliable indicators of those required by juve-
niles (Ray & Stoner 1995, Castell 1997, Childress &
Herrnkind 2001, Shiell 2004, Brownscombe et al.
2015, Wolfe & Byrne 2017). Thus, research must use
captive-bred juveniles to elucidate the microhabitats
that should be targeted for their captive release
(Munro & Bell 1997).

Habitat variables that can act as predictors of mar-
ine invertebrate populations include depth, struc-
tural complexity, wave exposure and the composition
of the benthos (Andréfouet et al. 2005, Dissanayake
& Stefansson 2012, Brownscombe et al. 2015). Stud-
ies assessing habitats for captive release of juvenile
invertebrates have often used factorial experimental
designs, where average survival and growth are com -
pared between 2 or several habitat types (Table 1).
Of 14 identified release studies on marine inverte-
brates that tested the effect of habitat, all except
2 used a factorial experimental approach (Table 1).
However, marine habitats rarely exist homogeneous -
ly in space, so replicate sites chosen by researchers
will rarely have the same suite of habitat features to
assign them properly into discrete factors. Instead,
multiple habitat features tend to vary across gradi-
ents, even at short spatial scales. For example,
coastal seagrass beds and coral reef flats are a spatial
mosaic of varying sediment types, species and cover-
age of plants, sessile habitat-forming fauna, depths
and food resources. Moreover, the factorial approach
to captive-release studies means that results could be
ill-matched in other localities where the specific
studied habitat types are not present (Purcell 2004b).

The alternative experimental approach examines
the relationships between stocking responses (e.g.

post-release survival and growth) and the various
physical conditions that exist in likely habitats for
captive release (Purcell & Simutoga 2008, Hair et al.
2016). Responses will still be variable for any rela-
tionship with these features, since many spatially
variable processes, like predation, can occur stochas-
tically. However, a multiple-variable approach can
provide better resolution for future captive-release
programs because the habitat-related variations in
responses are measured. This can allow a restocking
program to better pinpoint specific habitat features to
target for releasing captive-reared juveniles.

In this study, we applied a regression-based exper-
imental field-release design, and we used gradient
boos ted regression tree (BRT) models to evaluate
optimal habitat features for restocking and sea
ranching of a tropical sea cucumber, the sandfish
Holothuria scabra. Among tropical sea cucumber
species, the sandfish commands the highest maxi-
mum value in the Asian seafood market (Purcell
2014) and is presently the most widely cultured trop-
ical species for restocking and sea ranching (Purcell
et al. 2012b). Wild populations of H. scabra are esti-
mated to have declined by more than 90% in at least
50% of its range and are considered overexploited in
at least 30% of its range; it is listed as Endangered on
the IUCN Red List of Threatened Species (Hamel et
al. 2013).

Tropical sea cucumbers in general occupy a wide
variety of habitats, including coral reefs, coastal la -
goons and seagrass beds (Conand 1989, Purcell et al.
2012a). Most of the commercially exploited species
(Order: Aspidochirotida) are deposit feeders, con-
suming organically rich detritus mixed with inor-
ganic sediments (Hammond 1983, Uthicke & Karez
1999). Especially as juveniles, they are prone to pre-
dation by a range of predators, including sea stars,
predatory gastropods, crabs, fishes and sea birds
(Francour 1997, Purcell et al. 2016). Having few
defences, many sea cucumbers display sheltering
behaviours, such as hiding in crevices or burying in
soft sediments. Little is known about the ecology of
juvenile sea cucumbers in the wild, limiting the infor-
mation for restocking programs. Juvenile sea cucum-
bers are rarely observed in nature (Shiell 2004, Eriks-
son et al. 2013). Earlier studies showed that juvenile
sandfish can be found in shallow seagrass beds
(Mercier et al. 2000), but the optimal habitat features
within these macrohabitats were largely unstudied.

We aimed to determine the conditions for a range
of key habitat features that would produce the best
stocking success, measured by survival, growth and
behavioural responses. Sandfish juveniles tend to
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bury most frequently during the late
morning and afternoon, and burying
has been speculated as a predator-
avoidance strategy (Mercier et al. 1999,
Purcell 2010), so we examined burial
rates as the behavioural response to
variation in habitats. Our findings re-
veal the relative importance of a num-
ber of key habitat features for restock-
ing and sea ranching programs for this
species and contribute to our knowl-
edge of optimal habitats for captive re-
lease of these marine invertebrates.

MATERIALS AND METHODS

Study site

A sheltered, shallow bay at Ouano,
within the large lagoon of New Caledo-
nia’s main island, La Grande Terre, was
used for the juvenile release experiment
(Fig. 1a). The bay is rimmed with man-
grove trees and has no direct freshwater
input from rivers. Fisherfolk in an adja-
cent settlement have reported a dra-
matic reduction in stocks of sandfish
over the last 30 yr. The bay has exten-
sive shallow (0 to 3 m) seagrass mead-
ows, with variations in depth, seagrass
cover, substratum type (mostly a gradi-
ent from mud to coarse sand) and pres-
ence of macroalgae (e.g. Dictyota spp.)
and other benthic biota. The dominant
subtidal flora were the seagrasses Cymo -
do cea serrulata, C. rotundata, Halo  dule
uni nervis, Halophila ovalis and Syringo -
dium isoetifolium. Bidaily tidal fluxes
are up to 1.5 m depth, and seawater visi-
bility ranged from 0.5 to 3 m.

Experimental pens

To isolate habitat-related effects and
aid the recapture of juveniles, small sea
pens without covers were constructed
for the releases. A pilot study using
small prototype pens with in tanks at the
hatchery confirmed that juveniles >0.5 g
body weight could not pass through
mesh of 3 mm (data not shown). Several
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Fig. 1. Study site and layout of pens for experimental releases of juvenile sea
cucumbers. (a) Map of release sites (red circles); (b) image of a pen and 

seagrass habitat
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trials of the very small pens (approx. 1000 cm2) also
compared construction designs to limit the ability of
juveniles to crawl over the top of the enclosure mesh.
Escapement after 1 wk of 10 juveniles was compared
among duplicate pens of 3 types: with the top edge
bent inwards, with an inward-facing 1 mm net
skirting at the top edge, and without modification to
the top edge. Average escapement from pens with
mesh skirting (25%) was much lower than that from
duplicate pens of the other types (60 and 70%).

A total of 30 circular pens, comprising a mesh wall
with no floor or roof, were used for the field experi-
ment. The walls of the 1 m2 pens were 45 cm high,
made of 3 mm black plastic mesh (Oyster Mesh,
MOS Plastics) and supported upright by metal pick-
ets. Each was fitted with a mesh skirt, 10 cm wide
with 1 mm mesh, angled downwards into the pen by
a cord and with the bottom edge frayed to reduce the
surface area on which juveniles could attach
(Fig. 1b). At a range of haphazardly chosen sites cov-
ering a broad range of habitat types, the pens were
inserted 15 cm into the natural substratum such that
the habitat inside the pen was left unchanged and in
its natural state.

The seawater depth at each sea pen was measured
to the nearest 0.1 m using a digital depth gauge and
later corrected to zero tidal datum based on tide data
and the time of measurement. To estimate the mean
percentage cover of biotic and abiotic habitat charac-
teristics, we distinguished 4 equal quadrants of the
benthos in each enclosure. Within each quadrant,
visual estimates were made of the percentage cover-
age of sand, rubble (coral rubble or shells >2 cm),
rock (detached rocks >2 cm), sessile invertebrates,
species-specific seagrass and macroalgae (Wilson et
al. 2007), and we later used the averages of these 4
estimates for analyses. We constructed a penetro -
meter, comprising a weighted and graduated shaft
within a tube affixed to a flat base set on the substra-
tum, to give an index (in cm) of sediment penetrabil-
ity within each pen quadrant. A sediment sample of
~50 ml, taken to a depth of ~3 cm from the centre of
each enclosure, was dried at 60°C. Any animals
>3 mm within the samples were removed before
splitting the samples randomly into 2 subsamples.
One random subsample was analyzed for total
organic carbon (C) and nitrogen (N) content using
a Shimadzu TOC5000A-SSM analyzer and Antek
9000NS analyzer, respectively. The other sediment
subsample was weighed to ±0.001 g, cleared of or -
ganic matter using household bleach following Pur-
cell (1997) and then redried and reweighed to derive
a metric of crude total organic matter. The cleared

sediments were dry sieved through a series of mesh
screens (2000, 1000, 500, 250, 125 and 63 μm), and
grain fractions were weighed to calculate the mean
grain size of the sediments following Dyer (1986).

Hatchery production and release of juveniles

Adult broodstock for breeding the juveniles were
collected at Nepoui on the main island, La Grande
Terre, which has sandfish stocks genetically similar
to the release site at Ouano (Uthicke & Purcell 2004).
Adult spawning and juvenile rearing were done at
a hatchery at Saint-Vincent, 28 km from Ouano.
Breeding was conducted in December 2002, within
the main reproductive season for this species (Co -
nand 1993), and involved 40 adults, of which 4 fe -
males and 17 males spawned. Rearing of larvae and
juveniles followed methods described by Battaglene
(1999) and Agudo (2006). After initially rearing in
tanks in the hatchery, juveniles were grown to the
release size of 2–10 g in mesh bags with natural sed-
iments on the floor of earthen seawater ponds. The
juveniles were prepared for the field experiment in
April 2003, when seawater temperatures were still
warm (27°C); sandfish are known to be active in New
Caledonia at this time of the year (Purcell 2010).
Thirty groups of 25 juveniles each were isolated into
holding chambers at the hatchery overnight to allow
them to defecate sediments before each group was
drained for 1 min and weighed to the nearest 0.1 g.
The average individual weight, based on dividing
group weight by number of individuals, was 3.26 ±
0.17 g (mean ± SD).

The groups of juveniles were transported for 1 h to
the study site in bags with seawater and oxygen (see
Purcell et al. 2006), where they were assigned ran-
domly to the experimental pens using random num-
ber tables. A diver released each group of juveniles
from the bag onto the benthos in their assigned pens
from 15:40 to 17:40 h; thus, they were contained in
the bags for 1 to 3 h.

At the end of the experiment, we collected all of the
juveniles in the pens over 3 d, so the groups of sand-
fish had 8, 9 or 10 d at liberty. All sampling was con-
ducted between 10:00 and 16:00 h, when daylight
levels were high; this is outside of the hours when
sandfish bury most. In New Caledonia, juvenile
sand fish bury most frequently during the hours
either side of sunrise (Purcell 2010). Sampling was
carried out in 2 stages. First, the numbers of juveniles
visible or partly visible on the benthos were counted
as unburied and were collected and held separately.
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Second, because we had found in other studies (see
Purcell 2010) that some juveniles could bury up to
3 cm into sediments, the remaining buried sea cu -
cumbers were collected by hand, and all of the sedi-
ments and seagrass within the pens were removed to
a depth of 5 cm by an air uplift suction sampler. The
vacuumed contents passed into a mesh bag, where
the silt and sand were strained out underwater, and
the remaining contents were searched on board a
boat for remaining juveniles. Some juveniles were
found within the roots of seagrass. After counting all
surviving sea cucumbers from each pen, the animals
were placed into individual bags with oxygen and
then taken to the hatchery, where each group was
isolated into an empty holding chamber to defecate
overnight before reweighing as described earlier in
this subsection.

The natural abundance of sandfish juveniles was
estimated by sampling 10 replicate quadrats within
varied habitats at the study site. Quadrats (1 m2)
were placed at 5 m distance from 10 randomly
selected pens at random bearings. The sediments
and flora were removed using air uplift suction, col-
lecting all animals >4 mm in size.

Statistical analyses

Survival rate of juveniles at the day of sampling
was converted to a daily rate over the experimental
period by taking the exponent of −M, where M is the
mortality rate calculated as the natural log of the pro-
portionate survival divided by the number of days
post-release. Average individual weights of sampled
juvenile sea cucumbers minus the initial average in -
dividual starting weights gave the absolute growth,
which was then expressed as a daily rate by dividing
by the number of days at liberty. The proportion of
animals unburied out of the total number sampled in
each pen was the burial rate. No wild sandfish were
found in the natural habitat outside of the pens.

Environmental drivers of survival, growth and bur-
ial rates of the juvenile sandfish were explored via
gradient BRT models (Ridgeway 2017). BRT models
are typically encouraged to learn thoroughly by con-
structing very large numbers of small regression
trees, training each tree on a random subset of the
residuals from the preceding tree and shrinking the
contribution of each tree (De’ath 2007, Elith et al.
2008, Hastie et al. 2011). Overfitting can be coun-
tered through one of a number of regularization tech-
niques (such as cross-validation) that serve to strike a
balance between predictive performance and model

fit (Hastie et al. 2011). Unlike linear models, BRTs are
robust to multicollinearity and non-linearity and are
not reduced to low-dimensional approximations of
the system complexity. Therefore, BRTs are well
suited to exploring relative impacts of a large pool of
complex predictors.

A total of 5000 trees were fit to an interaction depth
of 5, bag fraction of 0.5 and shrinkage rate of 0.001.
The optimal number of boosting iterations was deter-
mined by the out-of-bag method (Breiman et al.
1984). The relative importance of each predictor was
calculated as the frequency of splits involving each
variable weighted by the associated square improve-
ment in the model averaged over all trees and scaled
out of 100 such that larger values signify stronger
influence. Uncertainty in partial effects and relative
importance estimates was incorporated by boot -
strapping (sampling with replacement) each BRT 100
times. For each bootstrap BRT, parameter values
associated with maximizing the response were esti-
mated by optimizing the predicted response across
the domain of all predictors. Optimization was based
on a modification of simulated annealing (Belisle
1992) with 10000 maximum iterations, as this ap -
proach is capable of optimizing non-differential func-
tions. Within each bootstrap BRT, for both the full
model as well as each of the predictors therein,
quasi-R2 values were also calculated according to:

(1)

where Oi and Fi are the ith observed and fitted
response values, respectively. In the case of indi -
vidual predictor R2 calculations, Fi values are the par-
tial fitted values (values predicted when all other
predictors are held constant at their respective
means). All BRT models were fit via the gbm package
(Ridgeway 2017) within the R statistical and graphi-
cal environment (R Development Core Team 2010).

The relationship between survival and burial rates
of the groups of sea cucumber juveniles was examined
by non-linear regression modelling. The best fit of 298
standard equations fitted using DataFit  software was
selected using Akaike’s information criterion.

RESULTS

Survival

In 3 pens, nearly all of the juvenile sandfish were
absent at the end of the experiment, presumably
owing mostly to predation (survival rates 0 to 8%).
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Potential predators seen in the pens during the
week-long experiment included tetraodontid fishes,
crabs and stomatopods. Upon completion of the ex -
periment and sampling of infauna, we also found
predatory crabs and predatory sea stars that had
been buried or partially buried in the sediments. In
the sole pen with zero survival, we found a large por-
tunid crab. In total, we found 3 damaged (cuts to
body wall) sandfish juveniles, which were counted
as surviving, and 4 dead sandfish (body severely lac-
erated and lifeless). The surviving buried juveniles
were mostly found in the upper 0 to 3 cm of sedi-
ments.

The BRT models found that the best predictors for
the survival rate were seagrass cover and seawater
depth (Table 2). These 2 variables were the only ones
with median values of importance above the thresh-
old of expected value given the number of predictors
(Fig. 2) but accounted for just 17% of variation in sur-
vival rates. Survival was highest where seagrass
cover was within the range of 21 to 69% and was
optimal at 42% (R2 = 0.08, Fig. 2, Table S1 in the
Supple ment at www. int-res. com/ articles/ suppl/ m588
p085 _ supp. pdf). Survival was still relatively high as
seagrass cover increased above the optimum. At low
seagrass cover (<20%), survival was poor.

Survival was also best at the shallowest depths,
deteriorating by approximately 25% at 3 m and
deeper (R2 = 0.09). Survival was highest at around
1.1 m depth. When all predictors were optimised, the
daily survival rate was almost 97%.

Almost all other variables were of limited impor-
tance to the survival of juvenile sandfish (R2 values

< 0.02) and had low variability (Fig. 2c, Fig. S1 in the
Supplement). Organic C content (optimal for survival
at an intermediate level of 1.55% organic C) and
weight at release (showing the best survival at the
relatively large size of 3.3 g) were slightly more im -
portant (R2 = 0.4) but were not significant predictors
of survival.

Growth

The average weight of juveniles at release, sea-
grass cover and sediment grain size were the 3 best
predictors for the growth rates of sandfish (Fig. 3).
These 3 variables together accounted for 29% of the
variation in growth rates among sample groups
(Table 2). Sandfish from groups with lesser average
release weights grew fastest. Highest growth rates
occurred where seagrass cover was around 34%
(Table 2), with a confidence range of 16 to 48%
(Table S1). The optimal average grain size of sedi-
ments for sandfish growth rates was 135.2 μm, corre-
sponding to fine sand. Growth rates were negligible
for groups on very fine sand and silt (grain size
<100 μm) and also declined slightly when average
grain size was above 300 μm, i.e. medium and coarse
sand (Fig. 3, R2 = 0.06). With all predictor variables
optimized, the maximum growth rate was 0.07 g d−1,
equating to a relative weight gain of approximately
1.7% d−1.

Depth and the proportion of organic C in sediments
influenced growth somewhat, but neither was a sig-
nificant predictor (Fig. 3). The number of sessile
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Predictors Survival Growth rate Burying
Optimum estimate R2 Optimum estimate R2 Optimum estimate R2

Weight at release (g) 3.3 0.04 3.2 0.13 3.3 0.05
Seagrass cover (%) 42 0.08 34 0.10 52 0.06
Organic carbon content (%) 1.6 0.04 1.3 0.06 1.9 0.23
Grain size (μm) 189 0.02 135 0.06 152 0.06
Crude organic matter (%) 7.6 0.01 6.9 0.05 7.5 0.04
Depth (m) 1.1 0.09 0.8 0.04 0.3 0.16
Penetrability (cm) 9 0.03 9 0.05 10 0.03
Macroalgae cover (%) 7.7 0.01 1.7 0.03 2.3 0.08
Organic nitrogen content (%) 0.1 0.01 0.2 0.02 0.2 0.08
Shellfish abundance (ind. m−2) 2.2 0 1.1 0.01 2.0 0.01
Rock/rubble cover (%) 7.6 0.02 5.9 0.02 3.6 0.01
Sessile invertebrate cover (%) 2.6 0 1.3 0.01 2.4 0

Table 2. Parameter estimates optimised for maximum growth, survival and burial rates. Predictors that performed best (i.e.
they were disproportionately represented in trees) are highlighted in bold. Maximum survival rate at optimization estimated
to be 0.97 d−1 (95% CI: 0.99 to 1.11), maximum growth rate 0.07 g ind.−1 d−1 (0.07 to 0.12) and maximum burial rate 67.8% (67.8
to 80.7). Only the optimum estimate is included here; this table is presented in its full form in Table S1 in the Supplement at 

www. int-res. com/ articles/ suppl/ m588 p085 _ supp. pdf

http://www.int-res.com/articles/suppl/m588p085_supp.pdf
http://www.int-res.com/articles/suppl/m588p085_supp.pdf
http://www.int-res.com/articles/suppl/m588p085_supp.pdf
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invertebrates and shellfish (e.g. Anadara sp.) in the
pens, the cover of rock and rubble and the N content
of the sediments were among the predictors least
affecting growth rates (Fig. S2).

Burying behaviour

Habitat features that influenced the frequency of
burial by the juvenile sea cucumbers were the or -
ganic C content in the sediments and seawater depth
(Fig. 4, Table 2). These 2 variables explained 39% of
the variation in burial frequency among replicate
groups of juveniles. Unlike the relatively small pro-
portion of variation explained by predictor variables
for growth and survival, all habitat variables com-

bined explained most (81%) of the total variation in
burial rates.

Burial rates were highest where sediments had rel-
atively high organic C content of 1.9% organic C and
above (R2 = 0.23). Burying behaviour was also most
pronounced at shallow depths of around 0.3 m, with
a confidence range of 0.1 to 0.8 m (Table S1). Burying
behaviour declined by one-quarter at 1.5 m or deeper
(R2 = 0.16). In optimal conditions, 68% of surviving
juveniles exhibited burying behaviour during day-
time observations.

Juveniles tended to bury less frequently in silty
sediments (average grain size <100 μm) (R2 = 0.06),
but this variable was statistically non-significant.
Interestingly, other sediment characteristics that
could conceivably affect burying were less impor-
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Fig. 2. (a,b) Bootstrap boosted regression tree partial effects plots relating to survival rate against significant predictor vari-
ables and (c) associated relative importance plot. (a,b) Solid and dashed lines represent median and lower/upper 95% quan-
tiles, respectively. (c) Dots represent medians, and thick and thin bars represent 50 and 95% quantiles, respectively. The ver-
tical dashed line represents the threshold (100/12) above which predictors are disproportionately represented in trees, 

and dots and bars are shaded according to whether they exceed this threshold (black) or not (grey)
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tant, including sediment penetrability (R2 = 0.03) and
rock or rubble cover (R2 = 0.01; Fig. S3).

Cumulative and additive effects

Some habitat attributes that had the strongest
influence on survival, growth and burying behavior
of juvenile sandfish (seagrass cover, organic C and
N) were clearly prevalent at the shallowest depth
(Fig. 5). Habitats shallower than 2 m exhibited a
range of seagrass and sediment nutrient values; but
below 2 m depth there was little seagrass, and the
distribution of organic C and N content values tap -
ered towards lower or intermediate levels of 1.0 and
0.14%, respectively. The relationship between burial

and survival was strong (R2 = 0.73) and non-linear
(Fig. 6). The proportion of individual sandfish surviv-
ing per day declined dramatically when burial rates
were lower.

Natural juvenile density

We found zero wild sandfish in the 10 randomly
sampled quadrats in natural habitats near the pens.
However, through the air uplift destructive sam-
pling, we recovered 1 wild juvenile sandfish in one
of the experimental pens that was too small (<1 g) to
have been one of the juveniles we released. That
animal was not included in data for that replicate
pen but confirms that wild juvenile sandfish were

93

Fig. 3. (a,b,c) Bootstrap boosted regression tree partial effects plots relating to growth rate against significant predictor vari-
ables and (d) associated relative importance plot. (a,b,c) Solid and dashed lines represent median and lower/upper 95% quan-
tiles, respectively. (d) Dots represent medians, and thick and thin bars represent 50 and 95% quantiles, respectively. The ver-
tical dashed line represents the threshold (100/12) above which predictors are  disproportionately represented in trees, and 

dots and bars are shaded according to whether they exceed this threshold (black) or not (grey)
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present. However, densities were low enough to
have negligible effects on our results from experi-
mental pens.

DISCUSSION

Juvenile invertebrates reared for purposes of re -
stocking, stock enhancement or sea ranching must
be released into habitats that will provide shelter,
conditions for natural behaviours and the necessary
matter for growth and nourishment. The success of
restocking and sea ranching depends on knowledge
about the species’ ecology and nursery habitat and
the survival of cultured juveniles in the wild (Bell et
al. 2005). This study distinguished between a number

of key habitat variables and revealed which among
them were the most important for survival, growth
and a key behaviour affecting stocking success of
Holothuria scabra. While certain habitat features
were linked to both optimal growth and survival, the
relationships can be nonlinear and variables might
be more important for one response but not another.
This implies that habitat selection by sea cucumbers
at early life history stages is finely tuned, based on
parameters that strike a balance between survival,
growth and behaviours.

Importantly, while habitat features had a large ef -
fect on burying behaviours during daylight hours,
they did not explain a large portion of variation in
survival. Sandfish juveniles are known to bury most
frequently before sunrise and in the early morning,
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Fig. 4. (a,b) Bootstrap boosted regression tree partial effects plots relating to burial rate against significant predictor variables
and (c) associated relative importance plot. (a,b) Solid and dashed lines represent median and lower/upper 95% quantiles, re-
spectively. (c) Dots represent medians, and thick and thin bars represent 50 and 95% quantiles, respectively. The vertical
dashed line represents the threshold (100/12) above which predictors are disproportionately represented in trees, and dots 

and bars are shaded according to whether they exceed this threshold (black) or not (grey)
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although burial is rarely complete across all animals
in the population (Mercier et al. 1999, Purcell 2010).
Our observations of burial rates were made in the
late morning and afternoon, when fewer animals
would be expected to bury. The relationships be -
tween burying frequency and both habitat and sur-
vival indicate that survival can be optimized by
selec ting optimal nursery habitats, but mortality

events are still likely to be patchy and
unpredictable (Slater & Jeffs 2010,
Slater et al. 2010). This suggests that
wide dispersal of re cruits across suit-
able habitats is a stra tegy that would
allow at least some individuals of cer-
tain marine in verte brates to survive
beyond early life his tory stages.
Therefore, releases of juve nile in -
vertebrates should be dispersed over
numerous areas possessing the opti-
mal nursery habitat features to
spread risks of stochastic mortalities.

Key habitat characteristics critical
to the survival, growth and daytime
burying behaviour of juvenile sand-
fish released into the wild were rela-
tively shallow depth (0.3 to 1.5 m),
intermediate seagrass cover (30 to
50%), fine sand grains (~130 μm) and
high organic C content (>1.9%) of the
sediments. Factorial designs are like -
ly to miss the optimum range of influ-
ential features that exist within habi-
tat types. For example, a regression
ex perimental design in this study pro-
vided a means for examining respon -
ses across a wide gradient of seagrass
cover. With our BRT modelling ap -
proach, we refine the understanding
of the relationship between habitat
variables and survival and growth of
this species and offer the first field
test of the effects of habitat on its
behaviour.

Survival

Habitat influences the survival of
juvenile invertebrates in captive re -
lease programs through variables
such as food availability, adequate
bio physical conditions and shelter
from predation (Purcell 2004a, Ya -

mana et al. 2006, Bartley & Bell 2008, Hines et al.
2008). We found that relatively shallow depths and
intermediate seagrass cover improved survivorship
of juvenile sandfish. In this turbid environment, shal-
low water allows the most light penetration to facili-
tate seagrass growth and microalgal production
with in the sediment, and shallows may also be a
refuge from predation (Ruiz et al. 1993, Paterson &
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Fig. 6. Relationship between burial rates and survival of juvenile sandfish.
The best fit for the relationship was an exponential rise to maximum regres-

sion with 2 estimated parameters. Dashed lines represent 95% CI

Fig. 5. Distribution of seagrass cover, organic C and N content across the
depth range of the study. For each variable type, each data point is the habitat 

measure in a replicate experimental pen
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Whitfield 2000). Intermediate seagrass cover was
best for survival, perhaps because juveniles gain
some cover from predation but are still able to bury
and feed on sediments among seagrass plants, which
could both be more difficult where seagrasses are
dense (Mercier et al. 2000).

With all habitat variables optimized, survival rate
(97% d−1) was commensurate with initial survival
rates in other studies on released sandfish (Lavitra et
al. 2010, Hair et al. 2016, Juinio-Meñez et al. 2017),
considering also that survival rates improve as mar-
ine animals grow (Heasman 2006). Mortality tends to
be highest soon after release (Tanaka 2000, Heasman
2006, Okuzawa et al. 2008), and a study releasing sea
cucumbers into suboptimal habitats reported sur-
vival rates of just 30% in 3 d (Dance et al. 2003). This
suggests that research effort and cost of determining
optimal nursery habitats will pay off in the longer
term by enhancing survival.

Growth

While maximum survival is desirable, optimizing
growth rates is also essential for captive release pro-
grams (Purcell & Simutoga 2008). In the long term,
habitats that provide for fast growth rates will also
increase survival rates for invertebrate species that
gain a predation refuge at a certain size (Hines et al.
2008, but see Okuzawa et al. 2008).

Usually, higher growth rates are related to higher
food availability or quality (e.g. Young et al. 2008).
Other studies have found variable effects of sediment
structure and quality on survival or growth rates of
juvenile sandfish (Lavitra et al. 2010, Tsiresy et al.
2011, Altamirano et al. 2017). Factors affecting the
ability to forage and shelter (i.e. intermediate sea-
grass cover and fine sand sediments) might be more
important for growth of these juvenile invertebrates
than the nutrient (i.e. N) content of sediments. The
weight at release of the juveniles will also influence
growth rates over a short timeframe. A relative
growth rate of 1.7% d−1 in this study is comparable to
that found for juvenile sandfish in other studies (La -
vitra et al. 2010, Tsiresy et al. 2011, Watanabe et al.
2014, Altamirano et al. 2017). The higher growth
rates for smaller juveniles reveals an often over-
looked element of captive release programs — the
ability of captive-released juveniles to show compen-
satory growth during the initial release phase (Alta -
mirano et al. 2017).

Our study found that similar habitat values could
optimize both growth and survival, such as approxi-

mately 30 to 45% seagrass cover. In this case, inter-
mediate seagrass cover probably still allowed ample
foraging on sediments. Juveniles might expend less
energy avoiding predators than at greater depth
where sediments contained moderate amounts of C
and N but where sparse seagrass afforded little pro-
tection from predators (Fig. 5).

Behaviour

Burial in sediments has been speculated as a
potential predator avoidance behaviour in this and
other invertebrate species (Wilson 1990, Rochette et
al. 1999, Purcell 2010). Empirical evidence is lacking
to link burying behaviour to reduced predation; how-
ever, it has been directly linked to stress reduction
and increased growth and survival in sea cucumbers
(Robinson et al. 2013). Here, we show that sandfish
groups with higher burying rates during daytime also
had higher survival rates (Fig. 6). Therefore, restock-
ing or sea ranching programs should take into ac -
count habitat characteristics (e.g. fine sand and rela-
tively high amounts of fine plant matter in sediments)
that facilitate this behaviour (Hines et al. 2008,
Young et al. 2008, Purcell 2010).

Some restocking programs acknowledge the im -
portance of behaviour and apply behavioural condi-
tioning techniques (e.g. for predator avoidance and
food search capability) before release into the wild
(Schiel & Welden 1987, Okuzawa et al. 2008). Sand-
fish can be reared on sand in the weeks prior to
release in the wild to encourage the development of
burying behaviour (Purcell 2010, Juinio-Meñez et al.
2012). Similar training has been advocated prior to
the captive release of juveniles of other invertebrate
species, such as lobsters and queen conch (Brown &
Day 2002, Delgado et al. 2002, Agnalt et al. 2017).

At shallow depths, the juveniles buried more fre-
quently and survived better, but long periods of bur-
ial might be at a cost to growth rates. Our analyses
found that habitat variables explained a much higher
proportion of the variation in the proportion of juve-
niles buried during the daytime sampling than for
growth and survival. This finding implies that, in
addition to behavioural conditioning in the hatchery,
predator avoidance behaviours can be largely pro-
moted by characteristics of the release habitat.

Burial rates in sandfish were also highest at inter-
mediate C content in the sediment. The biology and
ecology (in this case, behaviour) of sea cucumbers
can indeed be affected by the organic content of sed-
iments (Hamel et al. 2001, Hair et al. 2016). Sandfish
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do not feed when they are buried (Mercier et al.
2000), but higher content of detrital plant matter in
the sediments could mean that the sandfish are
spending less time gathering nutrition, leaving more
time for burial.

Further considerations

Captive-bred juveniles can have different mor-
phology, behaviour or habitat preferences to wild
conspecifics (Purcell 2004b, Young et al. 2008). None -
theless, captive release experiments offer a means to
explore relationships of early life stages with habitat
variables that might otherwise be impossible for spe-
cies with highly elusive juveniles, such as sea cucum-
bers (Shiell 2004).

For the purpose of the experiment, we used an
extraordinarily high density of release. Although
Purcell & Simutoga (2008) found no difference in sur-
vival among release densities of 0.5, 1 and 3 ind. m−2,
much higher densities could induce higher mortality
rates due to foraging behaviour of predators (Eriks-
son et al. 2013, Wolfe & Byrne 2017). The survival
rates in this study may therefore have been compro-
mised to some extent by the high density of release.

Stocking density and habitat interact to yield a
 certain carrying capacity (Hines et al. 2008); for ex-
ample, in Japan, there was a strong relationship be -
tween the type of macroalgal habitat and the car rying
capacity of abalone (Hamasaki & Kitada 2008). Al-
though density dependence and ontogenetic habitat
shifts were not specifically explored in this study,
these variables can also interact with habitat to affect
survival, growth and behaviour in marine inverte-
brates (Heasman 2006, Hamasaki & Kitada 2008,
Hines et al. 2008, Purcell & Simutoga 2008, Brown-
scombe et al. 2015, Altamirano et al. 2017). We found
that sandfish survived best in shallow subtidal sea-
grass beds and probably move to deeper waters as
they grow larger, as observed for other sea cucumber
species (Tanaka 2000, Yamana et al. 2006, Eriksson et
al. 2013, Wolfe & Byrne 2017). Releasing invertebrate
species with clear ontogenetic habitat shifts will re-
quire the selection of initial release habitats that are
close to habitats suitable for later life stages (Castell
1997, Gillanders et al. 2003, Hines et al. 2008).
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