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INTRODUCTION

The sea cucumber Apostichopus japonicus, a com-
mercially valuable species, is commonly found in
shallow intertidal habitats off the west Pacific Ocean.
The vertical distribution ranges from intertidal areas
down to depths of 20−30 m (Chen 1990). Culture of
the species started in the early 1980s after success of
the technique in commercial hatcheries and seed

production in China (Liao 1997). Since then, sea
cucumber farming has become an important part of
mariculture and the scale of the industry has in -
creased dramatically (Chen 2003, Zhang et al. 2015).

Sea cucumbers are surface-deposit feeders. They
are not only commercially important, but also play an
important role in coastal ecosystems. They ingest and
assimilate a large amount of organic matter depo -
sited on the seafloor prior to extensive microbial pro-
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ABSTRACT: The sea cucumber Apostichopus japonicus is an important aquaculture species in
China. As global interest in sustainable aquaculture grows, the species has increasingly been
used for co-culture in integrated multitrophic aquaculture (IMTA). To provide a basis for opti -
mising stocking density in IMTA systems, we parameterised and validated a standard dynamic
energy budget (DEB) model for the sea cucumber. The covariation method was used to estimate
parameters of the model with the DEBtool package. The method is based on minimisation of the
weighted sum of squared deviation for datasets and model predictions in one single-step pro -
cedure. Implementation of the package requires meaningful initial values of parameters, which
were estimated using non-linear regression. Parameterisation of the model suggested that the
accuracy of the lower (TL) and upper (TH) boundaries of tolerance temperatures are particularly
important, as these would trigger the unique behaviour of the sea cucumber for hibernation and
aestivation. After parameterisation, the model was validated with datasets from a shellfish aqua-
culture environment in which sea cucumbers were co-cultured with the scallop Chlamys farreri
and Pacific oyster Crassostrea gigas at various combinations of density. The model was also
applied to a land-based pond culture environment where the sea cucumber underwent a fast
growth period in spring and non-growth periods during winter hibernation and summer aesti -
vation. Application of the model to datasets showed that the model is capable of simulating the
physiological behaviour of the sea cucumber and responds adequately to the wide range of
 environmental and culture conditions.
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cessing. Sea cucumbers have often been called the
earthworms of the sea, because they are responsible
for the extensive shifting and mixing of the substrate
and recycling of detrital matter (Lauerman et al.
1997, Miller et al. 2000, Yang et al. 2005). They grind
sedimentary organic matter into finer particles, turn-
ing over the top layers of sediment in lagoons, reefs
and other habitats, and allowing the penetration of
oxygen (Lauerman et al. 1997). Sea cucumbers are
also important in determining habitat structure for
other species and can represent a substantial portion
of the ecosystem biomass (Sibuet & Segonzac 1985).

The ability to turn biodeposition into valuable flesh
product and being ecologically complementary with
many aquaculture species make the sea cucumber
an important species for co-cultures in integrated
multitrophic aquaculture (IMTA) (e.g. Zhou et al.
2006, Slater et al. 2009, Zamora et al. 2014, Yuan et
al. 2015). Over the past decade, experimental and
commercial trials have been conducted to co-culture
it with other species to improve water quality and
mitigate environmental impacts (e.g. Li et al. 2001,
Yang et al. 2001, Yu et al. 2014). These studies have
shown an increase in system productivity and im -
provement of environmental conditions. Despite
promising results, these experiments were based on
the traditional technique of trial and error and ex -
perimentation, and the right proportion of stocking
density for each co-cultured species could not be
 satisfactorily estimated. Maximum ecological and
eco nomic benefits of IMTA systems can only be
achieved with the optimal density at which species
are physiologically and ecologically complementary
(Chopin et al. 2008, Barrington et al. 2009). The
growth rate of the sea cucumber depends on the
rates of biodeposition from other species within an
IMTA system where the stocking density of co-
 cultured species can be optimised by means of mathe -
matical models. Recently, a model was developed to
optimise production in IMTA systems (Ren et al.
2012). A dynamic energy budget (DEB) model of the
sea cucumber is one of the sub-models of the larger
IMTA model.

Although DEB modelling has gained increasing
popularity, most modelling development has been
focused on shellfish to improve shellfish aquaculture
(e.g. Ren & Schiel 2008, Rosland et al. 2009, Alunno-
Bruscia et al. 2011), while little attention has been
paid to deposit-feeders. The objective of this study is
to develop a DEB model of the sea cucumber for sub-
sequent application in IMTA systems. We followed a
standard DEB model and the main focus of the study
was on its parameterisation and validation.

MATERIALS AND METHODS

Model structure and parameterisation

A DEB model is based on a generic theory that bio-
logical organisms share common physiological be -
haviours (Kooijman 2010). The same functional struc-
ture could therefore be applied to different species
with species-specific parameter values. Although
some effort has been made to extend the model by
coping with varying food quantity and quality (Sa -
raiva et al. 2012), the standard form of the DEB model
has been widely adopted to study energetics and
growth of aquaculture species, particularly bivalves
(e.g. Ren & Schiel 2008, Bourlès et al. 2009, Rosland
et al. 2009). Our primary purpose was to develop and
validate a simple model of the sea cucumber, which
can be incorporated into a larger IMTA model for
optimising production of IMTA. Therefore, a stan-
dard DEB model was ideal for this purpose. The
model structure, including functional responses and
energy allocation, has been described in detail (van
der Meer 2006, Ren & Schiel 2008), and we only focus
on parameterisation here. The same symbols were
used as those in the standard DEB model.

Estimation of model parameters depends on the
quantity and quality of the experimental data. How-
ever, comprehensive data are not usually available
for most species. For some species with sufficient
datasets, the estimated values of parameters are
often inconsistent between datasets due to variation
in experimental conditions (Saraiva et al. 2011). To
account for this problem, van der Veer et al. (2006)
suggested a standard procedure using all available
datasets by means of weighted non-linear regres-
sion. Recently, a covariation method has been devel-
oped to estimate para meters of a standard DEB
model. It is based on the simultaneous minimisation
of the weighted sum of squared deviations between
datasets and predictions in one single-step proce-
dure (Lika et al. 2011). For the present modelling
exercise, we adopt this me thod to estimate parame-
ters of the sea cucumber model using the DEBtool
package (www.bio.vu.nl/thb/deb/deblab/). Implemen -
tation of the method requires 2 types of datasets
including real data and pseudo-data. The real data
consist of zero-variate and univariate data, which are
from actual observations of the sea cucumber at
known temperatures and food conditions. The uni-
variate data of length versus age are shown in Fig. 1.
The data reflects the mean growth of the species
from post-settlement at the natural environment.
Lack of length at early stages in univariate data may
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not considerably compromise the estimation of final
para meter values, because zero-variate data consists
of information on length at birth. The pseudo-data
are a set of values of primary or compound parame-
ters usually for a generalised animal obtained from a
large collection of estimated parameters for a wide
variety of species (Kooijman 2010, Saraiva et al.
2011). The concept of pseudo-data is used to avoid an
unrealistic combination of parameters and to main-
tain the rules for covariation of the parameter values
implied by physical laws (Saraiva et al. 2011). The
pseudo-data include parameters for the Arrhenius
temperature (TA), volume-specific somatic mainte-
nance coefficient [pM] and shape coefficient (δM). Be -
cause the initial values determine whether the results
are meaningful, these values should be as close to
‘real’ as possible. For the present study, we estimated
the parameter values from experimental data for
Apostichopus japonicus, rather than generalised ani-
mal parameter values. A procedure proposed by van
der Meer (2006) was followed to estimate initial val-
ues of these parameters. DEB theory assumes that all
rates (e.g. assimilation, catabolic and maintenance
rates) can be described by an Arrhenius relationship
using a single Arrhenius temperature within a species-
specific tolerance range. The estimation of parame-
ters in the Arrhenius equation (TA, TAL, TAH, TL and
TH; see Table 2 for definitions) was based on data
from physiological experiments within a range of
temperatures (Li et al. 2002). The volume-specific
somatic maintenance coefficient is the ratio of the
costs of maintenance to structural volume synthesis. It
was indirectly estimated from changes in energy con-
tent during aestivation over time (Zhou et al. 2006).

The shape coefficient is used for conversion between
length and biovolume. It was estimated from the
relationship between length and wet mass by assum-
ing that the density of the biovolume equals 1 g cm−3.
The DEB assumes that the energy allocation follows
the κ-rule, which assumes that a fixed proportion κ of
the energy from the reserves goes to maintenance
and growth. The remaining fraction 1– κ goes to
development and reproduction. The initial value for
the fraction of energy utilisation rate spent on main-
tenance plus growth (κ) can be determined from
reproduction information, i.e. the maximum gonadal
mass fraction relative to other tissue (van der Veer et
al. 2006). Based on reproduction information (Chen
1990), the value was estimated following van der
Veer et al. (2006). The use of an area-specific assimi-
lation rate, {ṗAm}, is no longer needed with the
covariation method, because it is derived from some
additional parameters. For comparison, we still esti-
mate its value with this method. The real data and
pseudo-data are listed in Table 1.

There is still a lack of data for the initial values of a
few parameters including maturity at birth (EHb),
maturity at metamorphosis (EHj), maturity at puberty
(EHp) and Weibull aging acceleration (ha). Following
the methodology of Lika et al. (2011), default values
were initially used and subsequently tuned until all
parameters could be determined by observational
data. It should be noted that the Gompertz stress
coefficient (sG) could be particularly important for the
sea cucumber, because this species would undergo
winter hibernation and summer aestivation, and may
also eviscerate when an external stress occurs. This
would cause drastic consequences on its energetics.
The Gompertz stress coefficient controls the mean
lifespan. Increasing the value decreases the mean
lifespan, but increases survival at young age. Accor -
ding to Kooijman (2010), negative values can occur if
damage-inducing compounds can be degraded. The
sea cucumber would fall in this category and hence a
negative value is assigned for sG. The final values of
the parameters are listed in Table 2.

Validation datasets

The model was validated using a few datasets col-
lected from growth experiments of the sea cucumber.
The first dataset was from a co-culture experiment to
determine the growth performance of the sea cucum-
ber with shellfish (Zhou et al. 2006). In this ex -
periment, sea cucumbers were co-cultured with
either scallops Chlamys farreri or oysters Crassostrea
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Fig. 1. Simulation of sea cucumber (Apostichopus japonicus)
length using the primary parameters of the dynamic energy
budget (DEB) model (line). Dots are observations and the 

line is the fitted growth curve
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gigas in the shellfish farm of Sishili Bay (37° 32’ N,
120° 30’ E) off Shandong Peninsula, China. A few
diffe rent combinations of co-culture practices were
used.

For the present study, we chose 2 datasets from co-
cultures of sea cucumbers with scallops and oysters,
respectively. For co-culture of sea cucumber with
scallops, 10 sea cucumbers and 350 scallops were
placed in each lantern net. The initial average body
weight of the sea cucumber was 56.9 g and the scal-

lop shell length was 2.3 cm. For co-culture of sea
cucumbers with oysters, the animals were cultured at
a density of 10 sea cucumbers with 120 oysters. The
initial average body weight of sea cucumbers was
39 g and the oyster length 7.7 cm. The experiment
lasted ~8 mo. The body weights of the sea cucumbers
were measured monthly for the first 3 mo and at the
end of the experiment (see details in Zhou et al.
2006). Temperature was not recorded during the ex -
periment. Because the variation of water tempera-
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Symbol Value Unit Definition Source

κ 0.85 − Catabolic flux to growth and maintenance Chen (1990)
κR 0.8 − Reproduction efficiency This study
{ṗAm} 129.5 J cm−3 d−1 Area-specific maximum assimilation rate This study
[ṗM] 12.1 J cm−3 d−1 Volume-specific maintenance rate This study
[Em] 4300 J cm−3 Maximum storage density This study
[EG] 1700 J cm−3 Volume-specific costs for structure This study
TA 5500 K Arrhenius temperature Li et al. (2002)
TAL 70 000 K Rate of decrease at lower boundary Yang et al. (2005)
TAH 35 500 K Rate of decrease at upper boundary Yang et al. (2005)
TL 273 K Lower boundary of tolerance range Zhang et al. (2004), Yang et al. (2005)
TH 290 K Upper boundary of tolerance range Liu et al. (1996), Yang et al. (2005)
δm 0.28 − Shape coefficient Sun (2013)
υ. 0.03 cm d−1 Energy conductance This study
EHb 4.7 J Maturity at birth This study
EHp 7200 J Maturity at puberty This study
EHj 5.1 J Maturity at metamorphosis This study
ha 1.4 × 10−7 J Weibull aging acceleration This study
sG −0.2 − Gompertz stress coefficient This study

Table 2. Final dynamic energy budget (DEB) model parameters for sea cucumber Apostichopus japonicus and other parameters

Symbol Value Unit Definition Source

Zero-variate
ab 8 d Age at birth (20°C) Qiu et al. (2015)
ap 300 d Age at puberty (20°C) Yamana et al. (2010)
am 7 × 365 d Lifespan Sun (2013)
Lb 0.08 cm Length at birth Ito & Kitamura (1998), Qiu et al. (2015)
Lp 7.5 cm Length at puberty Hamano et al. (1989), Ito & Kitamura (1998)
Li 29.7 cm Maximum length Yamana et al. (2010), Hamano et al. (1989)
Wb 0.064Lb

3 gWW Wet weight at birth Sun (2013)
Wp 0.064Lp

3 gWW Wet weight at puberty Sun (2013)
Wi 0.064Li

3 gWW Ultimate weight Sun (2013)

Pseudo-data
κ 0.85 − Allocation fraction Chen (1990)
κG 0.95 − Growth efficiency Liu et al. (1996)
υ. 0.02 cm Energy conductance Kooijman (2010)
[ṗM] 4.8 J cm−3 d−1 Volume-specific somatic maintenance Liu et al. (1996)
δm 0.28 − Shape coefficient Sun (2013)
TA 7300 K Arrhenius temperature Li et al. (2002)
{ṗAm} 154 J cm−3 d−1 Maximum area-specific assimilation rate Zhou et al. (2006)

Univariate
Growth data yr vs. cm Time vs. length Sun (2013), Qiu et al. (2015)

Table 1. Data used in parameter estimation procedure. gWW: grams of wet weight
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ture in the bay follows an annual pattern, the annual
cycle data were used for the model simulation.

The second dataset was obtained from a land-
based growth experiment near Qingdao off Shan-
dong Peninsula, China (Yu & Song 1999). The ex -
periment lasted 1 yr. Juveniles with an average body
weight of ~2.5 g were transplanted from a hatchery
to a culture pond. The animals were fed with artificial
food made of algae meal, but feeding was sus-
pended during the aestivation period in summer.
Body weight and water temperature were measured
monthly.

SIMULATIONS AND RESULTS

Temperature and food density are forcing variables
used to run the model. There was significant differ-
ence in water temperature between the experiments
(ANOVA, p < 0.01). It was considerably higher in the
land-based experiment than in the sea-based ones
from February through August. This pattern re -
versed during the rest of the year (Fig. 2).

The model was applied to the first dataset. The
optimal fit of the model to the observation resulted in
f-values of 0.51 and 0.62, respectively under  co-
culture practices with oysters and scallops (Fig. 3).
(Because the functional response (f ) describes
the relationship between food uptake and density,
f-value is an indicator of food availability). This sug-
gested that food in the co-culture with scallops was
more abundant than with oysters. The daily growth
rates were 1.3 and 1.6% for co-culture with oysters
and scallops, respectively. The model simulations
appropriately reflected differences in environmental
conditions, particularly food availability.

The model was also applied to the growth of the
sea cucumber in the land-based culture (2nd dataset).
The model with the fixed f-value of 0.59 would result
in prediction being consistent with the observation
(Fig. 4), which indicates that the model can reason-
ably reproduce the physiological behaviour of the
sea cucumber. Little growth occurred during winter
and summer months, but the growth was high during
the spring months when the temperature was opti-
mal for growth. When temperature was low in winter,
animals considerably reduced feeding and hiberna-
tion may have occurred. Similarly, when water tem-
perature rises from mid-June, aestivation was in -
duced and animals stopped feeding until September
when temperature decreases to the growth range.
Both situations resulted in ceasing growth of struc-
tural volume and the energy requirement for mainte-
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Fig. 3. Comparison between the observed (dots and trian-
gles) and simulated (solid and dashed lines) growth of sea
cucumber Apostichopus japonicus in the co-culture environ-
ment during August 2000−April 2001. Solid and dashed lines
are the modelled body weight from co-cultures with oysters
Crassostrea gigas and scallops Chlamys farreri, respectively
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nance is met from reserves, which caused the decline
of body weight due to this net negative energy flow.
Overall, food availability is similar to that in the scal-
lop co-culture environment, but slightly higher than
in the oyster co-culture system.

DISCUSSION

The present modelling exercise aimed to para -
meterise and validate a standard DEB model of the
sea cucumber for subsequent application in IMTA
ecosystems. The model parameters were mainly esti-
mated using the covariation method. Application of
the model to data proved successful, as the model is
capable of reproducing the observed patterns of
growth in different environmental and culture condi-
tions, including co-culture with oysters and scallops,
and land-based pond culture.

In parameterisation of the DEB model, there are a
few noticeable differences of some parameter values
estimated between the covariation method and
weigh ted non-linear regression. The maximum area-
specific assimilation, {ṗAm}, is lower, and volume-spe-
cific somatic maintenance, [ṗM], is higher than the
initial values. This suggests that the ability of the sea
cucumber to capture food is low but the animal
spends more energy for somatic maintenance than
those from experimental data. Similarly, the reserve
capacity [Em] from the covariation method is higher
than the initial value. These differences may largely
be due to variations in experimental conditions,
which magnify the estimation of parameter values. In
addition, parameter values with a poorer fit may
have much more physical realism, because observa-
tions cannot include all possible aspects of energy
budgets (Lika et al. 2011). For example, the maxi-
mum reserve [Em] cannot directly be measured and is
usually estimated from starvation experiments, but
such measurement depends on the initial condition
of an organism and experimental conditions over the
starvation period. In addition, the sea cucumber is
extremely sensitive to changes in environmental con-
ditions, particularly temperature, which can induce
atypical behaviours including evisceration, hiberna-
tion and aestivation. Therefore, given sufficient in -
formation on the required data, the final parameter
values estimated from the covariation method would
appropriately reflect the behaviour of the species.

The use of the covariation method in parameter
estimation is a considerable improvement over previ-
ous ones. It is based on minimisation of the weighted
sum of squared deviation for datasets and model pre-

dictions in one single-step procedure (Lika et al.
2011). It also includes physiological constraints by
introducing pseudo-data to reduce deviation of para -
meters related to variations in experimental datasets.
Development of the covariation method would help
increase the application of the DEB model. A stan-
dard DEB model provides a framework for functional
structure which is applicable to different species with
species-specific parameter values, while the covaria-
tion method offers a general technique for parame-
terisation of the DEB model. However, implementa-
tion of the method requires completeness of zero-
variate data including age, length and weight at birth
and puberty with temperature information, and life-
span, ultimate total length and weight. These data
may not be always available in the literature for
many species. It also requires a consistent choice of
the data and a careful establishment of assumptions
(Saraiva et al. 2011), which is subject to physiological
and biological knowledge of the studied organisms.
Therefore, this method is suitable for species with
sufficient information on both zero-variate data and
pseudo-data, in which it would estimate the optimal
parameters for a DEB model to best predict observa-
tions. However, it may potentially compromise the
accuracy of parameters for species without these
comprehensive datasets.

Temperature is particularly imperative in the phys-
iological processes of the sea cucumber due to the
unique characteristic of hibernation and aestivation.
Because it is difficult to estimate parameters related
to the Arrhenius relationship using the covariation
method, these parameters were estimated following
a standard procedure by van der Meer (2006). Al -
though the sea cucumber can survive in a wide range
of temperatures between −1.5 and 30.5°C in a short
period (Zhang et al. 2004, Yang et al. 2005), the opti-
mal range for growth is 10−15°C (Yu & Song 1999).
Temperatures beyond the optimal range would cause
dramatic declines in physiological activities. There-
fore, it is essential to obtain accurate information for
parameters governing both lower and upper bound-
aries. Unfortunately, the published data have shown
great variability (Liu et al. 1996, Li et al. 2002, Yang
et al. 2005). A physiological measurement in the lab-
oratory has recorded that the maximum feeding rate
occurs at 20°C, but was still reasonably high at 25°C
(Yang et al. 2005). However, a field experiment has
indicated that the feeding rate of 2 yr old individuals
decreased considerably from 19°C, and all individu-
als stopped feeding when the temperature reached
22°C (Liu et al. 1996). Yu & Song (1999) reported that
the suitable temperature for growth is within 5−17°C.
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This discrepancy may be related to experimental
conditions and/or physiological differences between
the juvenile and adult. Adults are less tolerant and
therefore the triggering temperature for aestivation
is lower than that for juveniles (Yu & Song 1999,
Yang et al. 2005). Despite evidence of size-depen-
dent tolerance temperature, available information is
not sufficient to extend the DEB model by incorporat-
ing a functional response. Furthermore, the feeding
rate seems a quicker process than that of respiration
at the upper boundary in the sea cucumber. A small
increase in temperature may result in individuals
completely stopping feeding, but continuing respira-
tion (e.g. Liu et al. 1996). The rate of decrease in oxy-
gen consumption at the upper boundary is consider-
ably lower than that of the feeding rate (Li et al.
2002). The difference in TH values for feeding and
respiration has been reported in Crassostrea gigas
(Bourlès et al. 2009). Although there is some evi-
dence in the rate of changes between feeding and
maintenance in the sea cucumber, the available
information is insufficient to be incorporated into the
model in the present study. Further experiments are
required to investigate whether this discrepancy is
caused by the existence of different Arrhenius rela-
tionships or experimental artefacts.

When applying the model, it is noted that the
development of eggs is not part of a standard DEB
model and needs to be tested separately. As the ex -
tension of a standard DEB model was beyond the
scope of this study, we did not include the topic of
egg development. And the parameters for egg de -
velopment may not be correctly estimated with the
covariation method either. Additionally, existing
data sets are insufficient to take energy content of
eggs into consideration when doing the parameteri-
sation, and so further experiments are required to
gather information for such purpose.

Despite economic and ecological benefits of sea cu-
cumber−shellfish co-culture (Yang et al. 2000, Yuan
et al. 2015), optimal ratios of the sea cucumber and
shellfish have been investigated through trial and er-
ror and experimentation (e.g. Zhou et al. 2006, Yu et
al. 2014). This traditional method is not only costly but
also inaccurate. For the present simulation dataset,
the ratio of sea cucumbers to scallops and oysters was
1:35 and 1:12, respectively (Zhou et al. 2006). The size
of scallops (3.0 cm shell length) was smaller than oys-
ters (7.7 cm shell length). Although it was not possible
to calculate food availability for sea cucumbers from
both cultures, the model simulation has shown that
the scaled functional responses were f = 0.62 and
0.51, respectively, for co-culture with scallops and

oysters. This suggests that the experimental design
has resulted in more biodeposits in co-culture with
scallops than with oysters. Based on the growth rate,
Zhou et al. (2006) concluded that the maximum den-
sity in each lantern net is 34 scallops. However, our
modelling result indicated that 34 individuals would
still result in approximately two-thirds of the maxi-
mum food density for sea cucumber growth. Similarly,
the growth of the sea cucumber co-cultured with the
scallop Chlamys farreri at a density of 1 individual
m−2 was reported to be 60% faster than those at a
density of 2 individuals m−2 (Yang et al. 2001), but the
optimal ratio could not be determined with the exper-
imental result. Because the optimal ratio depends on
dynamics of environmental conditions and energetics
of co-cultured species, full as sessment and design of
co-culture practices can only be determined using an
IMTA model (Ren et al. 2012). The development of
the sea cucumber DEB model has provided a tool for
growth predictions of the sea cucumber in various en-
vironmental conditions and a basis for optimising
stocking density of IMTA operations.
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