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Sea cucumber Stichopus monotuberculatus is one species of tropical sea cucumbers
with high recognition and economic value. While advances have been made in the
nursery rearing of the sea cucumber, influence of environmental factors on its locomotion
behavior remains less understood, which restricts the establishment of mariculture
technologies. In the present study, locomotion behavior of S. monotuberculatus under
different temperatures and flow velocities were examined through controlled simulation
experiments. Results showed that the creeping activities were obviously affected by
temperature, and the most active movement and feeding behavior were recorded at
relatively high temperatures. Diurnal variation of locomotion and feeding activities indicated
that S. monotuberculatus displayed an evident nocturnal activity pattern, being the most
active at night, exhibiting intermediate activity at dusk, and minimal activity during the
daytime. The movement velocity decreased with the increasing flow speed and was
only 1.65 + 1.35cm-min* in the highest flow rate group (20.8 + 3.4cm/s). Moreover,
the sea cucumber S. monotuberculatus displayed positive rheotaxis behavior of moving
downstream at all flow velocities. Overall, the sea cucumber S. monotuberculatus
exhibited high locomotor and feeding activities at night of relatively high temperature, and
its favoured flow regime was downstream and low water velocity area. These findings
may assist the sea ranching and aquaculture development of the tropical commercial sea
cucumber species.

Keywords: Stichopus monotuberculatus, water temperature, flow velocity, locomotion, feeding

1. INTRODUCTION

Sea cucumbers (Holothurians) are considered to be one of the most conspicuous marine
invertebrates species belonging to class Holothuroidea of phylum Echinodermata. While resource
managers struggle to address pandemic overfishing of tropical sea cucumber stocks, mariculture
and sea ranching of some tropical species ascends as a viable prospect to subsidise waning captures
(Bell et al., 2005; Yang et al., 2015). Tropical sea cucumber mariculture has potential to become a
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profitable industry and contribute towards natural population
replenishment.

Movement of holothurians is mainly related to feeding,
reproduction and searching for optimal environmental
conditions (Uthicke, 1999; Navarro et al., 2013; Sun et al.,
2018a; Hamel et al., 2019). Knowledge about the behavioral
features of sea cucumbers under different environmental
conditions is beneficial not just to understand the species’
behavior in wild but also to improve the rearing techniques
for sea cucumbers. Sea cucumbers are mostly slow-moving
or sedentary, and the feature makes their distribution and
behavior susceptible to environmental drivers (Hair et al.,
2020; Sun et al., 2020), such as substrate type (Woodby et al.,
2000), salinity (Kashenko, 2002), light cycles (Dong et al.,
2011) and so on. Temperature, as an essential environmental
factor, can directly affect the locomotion (Sun et al., 2018b),
circadian rhythm (Kato and Hirata, 1990), burying and feeding
(Wolkenhauer, 2008; Purcell, 2010) behavior of sea cucumbers.
Also, water flow is an important ecological factor for aquatic
organisms, and researches on the effect of water flow on aquatic
organisms mainly focuses on fishes (Pavlov et al., 2000; Liao
and Cotel, 2013; Li et al., 2018). Water current can affect
the movement, orientation, feeding, and growth of shellfish
(Wildish and Kristmanson, 1988; Wildish and Saulnier, 1992;
Pilditch, 1999; Sakurai and Seto, 2000). Movement pattern and
feeding behavior in response to variable water currents have
been observed in echinoderms, including sea urchin (Dumont
et al., 2007), sea lily (Kitazawa and Oji, 2014), and numerous
species of sea cucumbers. According to Lin (2014), A japonicus
moved more distance at the slow flow (5 c¢cm/s) than in the
still water, but almost stationary in the riptide (30 cm/s); Qiu
et al. (2014) considered that water current is a key factor that
influences substrate selection by A. japonicus. In addition, water
flow can elicit displacement and feeding behavior changes in
suspension-feeding sea cucumber Cucumaria frondosa (Sun
et al., 2018a).

Sea cucumber Stichopus monotuberculatus (previously
named as Stichopus variegatus, Fan et al., 2012) is a tropical
species that colonize benthic habitats in the Indian Ocean
from the Red Sea and Madagascar to Easter Island, and in the
Pacific Ocean from Japan to Australia (Massin, 1996; Purcell
et al., 2012b). As a large edible sea cucumber with thick body
wall and well mouthfeel, it is one of the species with high
recognition and economic value among tropical economic sea
cucumbers (Conand, 1993; Liao, 1997). Due to its nutritional
and medicinal value, previous researches mainly focused on
the nutritional components and biologically active components
which have anticoagulant, lipid-lowering, anti-tumor, and
other physiological pharmacological activities (Wang et al.,
20105 Zhong et al., 2015; Huang et al., 2020). In recent years,
the biological function of a series of immune related proteins
such as ferritin, translationally controlled tumor protein, serine
protease inhibitors, gamma-interferon-inducible lysosomal
thiol reductase and poly-U-binding factor 60 kDa were
characterized in sea cucumber S. monotuberculatus (Ren et al.,
2014a; Ren et al,, 2014b; Ren et al., 2015a; Ren et al., 2015b;
Yan et al., 2016). Genetic structure of different populations of

S. montuberculatus in the South China Sea were characterized
(Yuan et al., 2013; Wen et al., 2018).As one widely accepted
species in international béche-de-mer markets, the artificial
breeding of S. monotuberculatus has been successfully broken
through in China (Hu et al., 2010; Wang et al., 2017; Cheng
et al., 2021). Technology for culturing a few of the tropical
species has advanced in recent years, but a number of diverse
impediments currently undermine profitability and reliability
of mariculture and present challenging research opportunities
(Purcell et al., 2012a). However, the effect of important
environmental factors, including water temperature and water
flow, on the locomotor behaviors of S. monotuberculatus has
received less attention.

Water temperature and flows represent the critical
aspects of the environment affecting sea cucumbers. They
are inextricably linked to the distribution (Pan et al, 2015),
locomotion behavior, ingestion rate, and diel rhythm of sea
cucumber (Sun et al., 2018b), which were closely related to
the area selection of sea ranching and the setting of suitable
breeding conditions. For example, an inappropriately high
flow rate would lead to feed waste, and sea cucumbers had to
consume more energy to increase the adsorption force of the
tube feet in order to maintain body stability. Well-designed
experiments and analyses are needed to fill critical knowledge
gaps if its mariculture is to expand in the tropics as the
temperate sea cucumber A. japonicus has presented in Asia.
The current study was carried out under controlled laboratory
conditions to ensure that the effects of temperature or flow
velocity were separate from other environmental factors.
We used video technology and behavior analysis software
to investigate the behavior of S. momnotuberculatus under
different water temperatures or flow velocity. Quantitative
indices were applied to analyze the experimental data.
We examined locomotion behavior, diel feeding activity
of S. monotuberculatus under different temperatures, and
behavior responses of S. monotuberculatus to flow velocity
variation. Such research may be helpful for understanding the
distribution as well as the feeding and locomotor behaviors of
S. monotuberculatus in response to various stimuli. We hope
our study can provide a reference for stock management in
identifying the most suitable sea ranching areas and assist in
the eventual development of aquaculture programs.

2. MATERIALS AND METHODS

2.1 Specimen Collection and Maintenance

Sea cucumbers were collected from Dingda Breeding limited
company, in Wenchang city of Hainan Province, China, and
transported to the State Key Laboratory of Marine Resource
Utilization in South China Sea. All individuals were acclimated
in tanks (1000 L) at 26.0 + 1.0°C, salinity 32-35, a Ph of 8.0-
8.3. During the acclimation period, the light condition is
natural without artificial light sources, and the sea cucumbers
were fed using an artificial feed (sea mud: Sargasso algal
powder =7:3, weight ratio) once at 09:00 h each day. Healthy
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and undamaged sea cucumbers (about 10g) were selected for
the experiments.

2.2 Experimental Design

2.2.1 Effect of Temperature

Four temperatures (22, 25, 28, and 31°C) were selected,
approximately representing the overall temperature range (20-
33° C) found in the natural habitat of S. monotuberculatus,
to study their effects on the sea cucumber’s behavior. After
acclimation, a group of five sea cucumbers were introduced into
each of the four opaque experimental tanks (100x100x150cm,
height x width x depth). The water temperature was then
adjusted to the desired temperature at a rate of 1°C day’,
and the sea cucumbers were maintained at the experimental
temperatures for 7 days. The water depth was maintained at
30 cm during the experiment. Each trial was run for 5 days in
the experimental condition. The animals were fed once per day,
and half of the water was exchanged at 09: 00 h. Charge-coupled
device cameras (Hikvision, DS-2CC11A2P-IR3, China) with
the infrared system and a video recorder were used to record
the behaviors of sea cucumbers. Video images were analyzed
using Tracker Video Analysis and Modeling Tool software
(Open Source Physics Project, https://physlets.org/tracker/,
Vasquez et al., 2018; Vasquez et al., 2020). The experimental
indexes include movement distance, cumulative motion
time and movement velocity of the sea cucumber. Moving
distance means the distance the sea cucumber traveled in the
experimental area. Cumulative motion time refers to the total
time of sea cucumber moved during the day or night. Movement
velocity means the average velocity of the sea cucumber crept
in each day.

Feeding behavior was determined by the sea cucumber’s
position (if or not near the food), behavior (Sea cucumbers
move their heads from side to side in order to scratch for food
by their tentacles, rather than moving straight with their heads
close to the ground) and the variation of feed on the aquarium
bottom (Sun et al, 2018b). The proportion of feeding sea
cucumbers were determined every 2 h based on the videos.
The observation of locomotion is based on the analysis of the
distance of sea cucumber every three minutes.

In the present study, 06:00 h to 18:00 h was defined as ‘day,
and 18:00 h to 06:00 h was defined as ‘night’ The sea cucumbers
were fed on the same diet as during the acclimation period for
all studies.

2.2.2 Effect of Water Flow

The experiment was conducted in an annulus tank (1.2 m X
0.45 m) with a 0.2m wide region for water flow (Figure 1). A
water pump was used to circulate water through the tank, and
a frequency converter connected to the water pump was used
to adjust water velocity. Water velocity was measured using a
current meter (LS1206B, Xiangruide Inc., China).

The locomotion of S. monotuberculatus was investigated at four
flow rates, 0 cm/s (S), 4.7 = 1.2 cm/s (L), 10.5 + 1.7 cm/s (M), and
20.8 + 3.4 cm/s (H). Ten replicate trials were run for each of the

frcqucncy converter

Portable current meter

FIGURE 1| The tank used in the water flow experiment. The red dot is the
starting point of the sea cucumbers.

four treatments, and each trial was conducted by different sea
cucumber individuals. In each experiment, one sea cucumber
was placed in the center of a rectangular arena (20 cm x 20 cm) in
the straight section of the tank, so the arena was divided into two
zones, the upstream area and the downstream area (Figure 1).
Each trial was run until the experimented sea cucumber moved
out of the arena or the time for the trial reached 0.5 h.

Charge-coupleddevicecameras(Hikvision,DS-2CC11A2P-IR3,
China) were used to record the activities of S. monotuberculatus at
10s intervals. Video images were analyzed using Tracker software
to record the tracks of S. monotuberculatus at four flow rates. The
experimental indexes include movement distance, movement
velocity, and cumulative residence time of the sea cucumber.
The calculation of movement distance and movement velocity is
the same with the index in part 2.2.1. Cumulative residence time
means the time spent between the start of the experiment and the
time the sea cucumber left the experimental area.

2.3 Statistical Analysis

All statistical analysis was performed with the SPSS 19.0 for
Windows statistical package. One-way ANOVA followed by
post hoc multiple comparisons with Tukey’s test was performed
to test the distance, time, and speed over environmental factors.
The differences between day and night of the distance, time, and
speed of sea cucumbers were compared using an independent
sample t-test. The probability level of 0.05 was used to reject of
the null hypothesis, and all data were presented as means * s. d.

3. RESULTS

3.1 Effects of Temperature on
Locomotion Behavior

3.1.1 Movement Distance
The movement distance of S. monotuberculatus was significantly
affected by water temperature (ANOVA, F=15.39; P<0.001). At
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FIGURE 2 | Movement distance of S. monotuberculatus at four temperature
conditions. Marks of lowercase letters indicate that there is a significant
difference at different temperatures (P < 0.05); marks of uppercase letters
indicate that there is a significant difference between day and night (P < 0.05).

every temperature tested, the movement distance at night (82.58-
321.12 cm) was significantly higher than that in the daytime
(25.47-105.17 cm) (Figure 2, P<0.05). The movement distance
during the day decreased as the temperature increased from 22°C
to 25°C, then increased from 25°C and reached a peak at 31°C.
At night, the movement distance decreased as the temperature
increased from 22°C to 28°C, then increased above 28°C. No
significant difference was observed in the movement distance at
night at water temperatures of 22, 25, or 28°C. However, at 31°C,
the movement distance at night was significantly higher than in
other treatment groups (P<0.05).

3.1.2 Cumulative Motion Time

The cumulative motion time of S. monotuberculatus was
significantly affected by water temperature (ANOVA, F=12.87,
P<0.001). At every temperature tested, the cumulative motion
time was significantly higher at night (69.96-195.00 min) than
that in the daytime (18.12-73.32 min) (P<0.05; Figure 3). During
the day, S. monotuberculatus decreased its cumulative motion
time as the temperature changed from 22 to 25°C, then increased
above 25°C. The maximum movement distance in the day was
observed at 31°C, which was significantly higher than the other
groups (P<0.05). No significant differences in the cumulative
motion time during the day were observed between 22, 25, and
28°C treatments (P>0.05). At night, the cumulative motion time

ODay ®Night

bB

150

aB aB
bA
00 b
50 ’J_‘ 2A
£ ﬁ
’ =l .

22°C 25°C 28°C 31°C

&

Cumulative motion time (min)

FIGURE 3 | Cumulative motion time of S. monotuberculatus at four
temperature conditions. Marks of lowercase letters indicate that there is a
significant difference at different temperatures (P<0.05); marks of uppercase
letters indicate that there is a significant difference between day and night

(P<0.05).

decreased as the temperature increased from 22°C to 28°C, then
increased above 28°C. At 31°C, the cumulative motion time at
night was significantly higher with respect to other treatment
groups (P<0.05 for all).

3.1.3 Movement Velocity

Movement velocity of S. monotuberculatus was 0.85-1.91 cm/
min during the experiment period. The movement velocity
was also significantly affected by water temperature (ANOVA,
F=4.89, P=0.01) (Figure 4). Significant differences were observed
between day and night at 25 and 31°C temperature treatments
(P<0.05). During the day, no significant difference was observed
among all treatment groups (P>0.05). However, at night, the
movement velocity at 31°C treatment was significantly higher
than the other treatments (P<0.05).

3.1.4 Diel Motor Rhythm

All temperature treatments displayed a similar locomotion
pattern, sea cucumbers traveled more at night than during the
day (Figure 5). The motion peak appeared from 20:00 to 06:00 of
the next day, while the through period was from 12:00 to 18:00.
While comparing between different temperature treat groups,
the sea cucumbers at 31°C showed higher locomotion activity,
especially at night, with the movement distances at 31°C were
significantly higher than all the other groups from 20:00 to 04:00
(P<0.05).

3.2 Effects of Temperature on Diel

Feeding Rhythm

Sea cucumbers showed a nocturnal feeding rhythm (Figure 6).
The proportion of feeding sea cucumber did not change
significantly within one day, but had a higher feeding proportion
at night than during the day. The feeding proportion in the
daytime was generally lower, then had an obvious rising trend
after 18:00 under all temperature treatments, occurred peaks at
18:00 to 20:00 and 0:00 to 04:00. The feeding peak appeared at
00:00-02:00 at 31°C with an ingestion ratio of 60.00+ 14.00%,
and the lowest ingestion ratio appeared at 08:00-10:00 at 25°C
(4.00 + 2.20%). At 22°C and 28°C, sea cucumbers have a
similar feeding rhythm. The 22°C and 25°C treatments showed
a feeding peak at 18:00 to 20:00, whereas other treatments
occurred during 0:00 to 02:00.

25 ¢ ODay W Night
2.0
aA abA

L5 F
1.0
0.5
0.0
25°C 28°C

FIGURE 4 | Movement velocity of S. monotuberculatus at four temperature
conditions. Marks of lowercase letters indicate that there is a significant
difference at different temperatures (P < 0.05); marks of uppercase letters
indicate that there is a significant difference between day and night (P< 0.05).
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FIGURE 5 | Movement distance of S. monotuberculatus changed with time
at four temperature conditions. Grey areas correspond to periods of night.

3.3 Effects of Flow on Locomotion
Behavior

3.3.1 Movement Velocity

The flow rate had a significant influence on the movement
velocity of sea cucumbers (F=9.486; P<0.001). The movement
velocity of S. monotuberculatus was 4.33 + 2.29 cm/min, 5.46 +
3.41 cm/min, 4.17 + 1.87 cm/min, and 1.63 + 1.35 cm/min for
the still, low, medium, and high flow rate respectively, which
showed a trend of increasing first and then decreasing with the
further increasing flow velocity. The sea cucumber’s movement
velocity was significantly lower at high flow rates (20.8 + 3.4
cm/s) compared with that at the other three flow rates (P<0.05)
(Figure 7).

3.3.2 Cumulative Residence Time

The flow rate had a significant influence on the cumulative
residence time of sea cucumbers (F=45.186, P<0.001). The
cumulative residence time of S. monotuberculatus was 4.88 +
1.71 min, 7.58 + 3.87 min, 10.28 + 4.24 min and 26.6 + 7.01 min

06:00-08:00
60
04:00-06:00 © 08:00-10:00
10
02:00-04:00 10:00-12:00
00:00-02:00 12:00-14:00
22:00-24:00 14:00-16:00
20:00-22:00 16:00-18:00
18:00-20:00
FIGURE 6 | The feeding proportions of S. monotuberculatus changed with
time at four temperature conditions.
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8 b
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FIGURE 7 | Movement velocity of S. monotuberculatus at four different flow
rates. S, L, M, and H represent the four flow rates: 0 cm/s, 4.7 + 1.2 cm/s,
10.5 + 1.7 cm/s, and 20.8 + 3.4 cm/s respectively.

for the still, low, medium, and high flow rate respectively, which
showed a sustained rising tendency with the augment of flow
rate. The cumulative residence time at high flow rates of 20.8 +
3.4cm/s was significantly higher than those at the other three
flow rates (P<0.05) (Figure 8).

3.3.3 Cumulative Residence Time in the Downstream
and Upstream Area

At every flow rate tested, the cumulative residence time
of S. monotuberculatus was longer in the downstream area
compared with the upstream area (Figure 9). At the low
and fastest flow rate, 4.7 + 1.2 cm/s and 20.8 + 3.4 cm/s,
the cumulative residence time in the downstream area was
significantly longer than in the downstream area (P<0.05)
(Figure 3). At the other two flow rates, there were no
significant differences in cumulative residence time between
the two zones (P>0.05) (Figure 9).

3.3.4 Movement Velocity in the Downstream and
Upstream Area

Except for the low flow rate (4.7 £ 1.2 cm/s), at all other flow rates
tested, the movement velocity of S. monotuberculatus was higher
in the downstream area than in the upstream area (Figure 10).
However, at every flow rate tested, there was no significant
difference in the movement velocity of sea cucumber in the two
zones (P>0.05).

8 b
30
25
15 o
a

10

a
0 " ’ ’

S B M H

Flow rate (cm-s1)

Cumulative residence time(min)
[
o

FIGURE 8 | Cumulative residence time of S. monotuberculatus at four
different flow rates. S, L, M, and H represent the four flow rates: 0 cm/s,
4.7 +1.2cm/s, 10.5 £ 1.7 cm/s, and 20.8 + 3.4 cm/s respectively.
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FIGURE 9 | Cumulative residence time of S. monotuberculatus at four water velocities in the downstream (white) and upstream zones (black) at four different flow.
S, L, M, and H represent the four flow rates: 0 cm/s, 4.7 + 1.2 cm/s, 10.5 + 1.7 cm/s, and 20.8 + 3.4 cm/s respectively.

10 20 30

4. DISCUSSION

The factors that influence aquatic animal distribution and
behaviors have been studied in many respects to understand
better habitat requirements, community dynamics, and
species-specific aquaculture prerequisites (Lovatelli et al,
2004; Sun et al., 2018a). Researches on the locomotion
behavior of sea cucumbers can be traced back to 1990, and
an automatic apparatus was designed to quantitatively study
the movement of sea cucumbers Stichopus japonicus (Kato
and Hirata, 1990). In recent years, sea cucumber behavior
studies mainly focus on the effects of substrate or artificial
reefs on distribution (Zhang et al., 2014; Sun et al., 2020), the
influence of light and phytoplankton on the behavior rhythm
and feeding (Zhang et al., 2006; Dong et al., 2010; Dong et al.,
2011; Sun et al., 2015; Sun et al., 2020), and the effects of water
temperature and flow velocity on the feeding and locomotion
behavior (Pan et al., 2015; Sun et al., 2018a; Sun et al., 2018b).
The objects of previous researches mostly involved temperate
deposit-feeding sea cucumber A. japonicus and suspension-
feeding species C. frondosa. In the present study, the
influences of environmental factors, including temperature
and water flow, on the behavior of the tropical deposit-feeding

Flow Velocity (cm's™!)
I

-15 -10 -5 0 5 10 15
Mean velocity (cm-min')

FIGURE 10 | Movement velocity of S. monotuberculatus at four water
velocities in the downstream (white) and upstream zones (black) at four
different flows. S, L, M, and H represent the four flow rates: 0 cm/s, 4.7 + 1.2
cm/s, 10.5 + 1.7 cm/s, and 20.8 + 3.4 cm/s respectively.

sea cucumber S. monotuberculatus were studied under controlled
laboratory conditions.

4.1 Effects of Temperature on Behavior
Water temperature is a crucial factor in the living condition of
aquatic organisms (Buentello et al., 2000). It is closely linked to
the growth (Dong and Dong, 2006; Dong et al., 2006; Ji et al.,
2008), metabolism (Dong et al., 2006; Wang et al., 2008; Gao
etal., 2009), and behavior of sea cucumbers (Wolkenhauer, 2008;
Sun et al., 2018b). A. japonicus is one species of most studied
temperate holothurian. Under low temperatures in winter or
high temperatures in summer, A. japonicus reduces movement,
metabolism, and feeding activities, entering hibernation when
temperatures are lower than 3°C, commencing estivation at high
temperature >20°C (Bao et al., 2010). The creeping activity of the
sea cucumber A. japonicus decreased with increasing temperature
from peak 52.3 m day! at 16°C to 21.6 m day! at 18°C (Kato and
Hirata, 1990), and its highest feeding proportion was also at 16°C
(Sun et al., 2018b). Studies of tropical sea cucumber species have
also shown the effect of temperature on their behavior. The buried
periods of sea cucumber H. scabra increased with decreasing
temperature from 6.7 h per day at 24°C to 14.5 h per day at 17°C,
and feeding activity decreased from 9.8 h a day at 24°C to 0.8 h
per day at 17°C (Wolkenhauer, 2008). Mercier et al. (2000) found
that most adult H. scabra did not follow their usual burying cycle
when the water temperature increased to more than 30°C.

The present results showed that the creeping activities of S.
monotuberculatus were also obviously affected by temperature.
However, it was different from A. japonicus and H. scabra, and
the highest movement distance and the cumulative motion
time were recorded at the temperature of 31°C. The evolution
of regional behavior may explain the differences in locomotion
behavior among different species in response to temperature
changes. Previous studies supported this point by Buccheri et al.
(2019), which considered that different tropical sea cucumber
species responded differently to temperature fluctuations, even
though the testing sea cucumber species were collected from the
same sea area. For instance, they found Holothuria atra had faster
righting times at warmer temperatures (29°C and 33°C) than
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at 23°C, but Stichopus chloronotus had optimal righting times
at 29°C and slower and more varied righting times at cooler
and warmer temperatures (23°C and 33°C), while Holothuria
edulis had righting times that were seemingly unaffected by
the temperature changes. S. monotuberculatus is a tropical sea
cucumber widely distributed from 1m to 30m depth in the coral
reefs through the Indo-Pacific Ocean (Massin, 1996; Purcell
et al., 2012b). In China, S. monotuberculatus has been recorded
in the coastal shallow of the Xisha Islands, Hainan Island and
the Leizhou Peninsula in the South China Sea (Liao, 1997). In
Leizhou Peninsula sea area, S. monotuberculatus could survive
in a temperature range of 14-32°C (Liang, 1987). Our results
imply that this species of sea cucumber has the ability to live and
feed at high water temperatures in the habitat. Additionally, one
of the primary reasons for the movement of sea cucumbers is
seeking for diets (Uthicke, 1999; Mercier et al., 1999), and high
environmental temperatures resulted in an increased energetic
cost and oxygen consumption (Dong and Dong, 2006; Dong
et al., 2006). The sea cucumbers might augment movements to
search for enough food meeting metabolic needs.

Recent studies of other large tropical holothuroids, Stichopus
herrmanni, B. argus and T. ananas, showed that they moved
9-15, 2-8 and 5-9 m d’}, respectively (Purcell et al., 2016; Wolfe
and Byrne, 2017). These species exhibited site fidelity and
long-term home ranging behaviour (Purcell et al., 2016; Wolfe
and Byrne, 2017). The present results showed the movement
distance of S. monotuberculatus was 1.19-4.26 m-d! in different
temperature conditions. Thus, S. monotuberculatus may also
display home range affinity. This behavior character highlights
their vulnerability to overharvesting, with the potential risk of
suffering significant declines, local extinctions and poor recovery
(Uthicke et al., 2004). This finding has important implications
for fisheries management regarding connectivity between
recruitment and nearby adult habitats within the same area
(Gillanders et al., 2003). In addition, artificial fishing reefs can
be cast according to the movement distance of sea cucumbers or
evoke reserve.

4.2 Diel Cycles

Many species ofholothurians exhibited dailyactivity rhythms, with
some ones having diurnal activity pattern (e.g., Pearsonothuria
graeffei, Wheeling et al., 2007; Holothuria whitmaei, Shiell,
2006), some having nocturnal activity pattern (e.g., H. edulis,
Wheeling et al., 2007; A. japonicus, Dong et al., 2011; H. scabra,
Mercier et al., 1999; Mercier et al., 2000), or crepuscular activity
pattern (e.g., Actinopyga mauritiana, Graham and Battaglene,
2004). In all the temperature treatments of the current study,
the locomotion and feeding behavior of S. monotuberculatus
displayed an evident diel cycle, being the most active at night,
exhibiting intermediate activity at dusk, and minimal or no
activity during the daytime, which showed a nocturnal activity
pattern. Purcell et al. (2012b) also reported similar results that
S. monotuberculatus hides during the day in crevices and under
rubble, emerging at night on the reef flat, lagoons and reef slope.
Nocturnal activity is thought to be a behavioral strategy that sea
cucumbers evolved to increase their chances of survival in the

nature, avoiding diurnal predation (Sun et al., 2018b). While
water temperature significantly affected the movement activity of
S. monotuberculatus, it did not alter diel locomotion rhythm. The
observation of creeping activity at different temperatures showed
that S. monotuberculatus exhibited a higher motor activity from
20:00 h to 04:00 h, and the minimum movement activity occurred
at 12:00-18:00. Meanwhile, at all test temperatures, nocturnal
feeding behavior of S. monotuberculatus was also evident. This
suggests that the major factor influencing the diel locomotion
rhythm of S. monotuberculatus, might be stress (Purcell et al.,
2006), spring tides (Skewes et al., 2000), or predation (Dance
et al, 2003), instead of temperature. Conversely, the high
temperature (>24°C) may alter the diel locomotion rhythm of
A. japonicus and became relatively inactive (Sun et al., 2018b);
adult H. scabra did not follow their usual burying cycle when the
water temperature was more than 30°C (Mercier et al., 2000).
Future research would be required to aim specifically to exclude
other variables to find a key factor be related to diel locomotion

rhythm.

4.3 Effects of Flow on Behavior

As one of the most important environmental drivers, water flow
can dramatically influence the locomotor behavior of marine
organisms. Aquatic animals can adjust their activities with
various strategies to adapt to the water flow. Like many other
aquatic biotas, sea cucumbers also have distinct reactions to
water flow. Qiu et al. (2014) found that water current is a key
factor influencing sea cucumber distribution on the bare mud
substrate, with 90% of juvenile sea cucumbers being unable
to keep still in a current speed of 0.115 m-s! for 10 min. For
suspension-feeding sea cucumber C. frondosa depending upon
currents to bring food particles, the flow regime favoured by C.
frondosa was proved to be between 21 and 40 cm s7!, under which
a balance aquired between energy expenditure for attachment to
the bottom and efficient food capture, but individuals passively
rolled at flows >40 cm s! (Sun et al., 2018a). The present study
demonstrated that S. monotuberculatus had the lowest velocity
and the highest residence time at the highest flow rate (20.8 +
3.4 cm/s). Sea cucumber A. japonicus also showed the lowest
movement velocity while the experimental flow rate was the
highest (29.3 £ 3.7 cm s7}, Pan et al,, 2015). Pan et al. (2015)
divided the holothurian’s movement into three steps, 1) grasping
and adhesion to the substrate at the present position, 2) the tube
feet are lifted from the substrate and migrate to a new position
and 3) grasping and adhesion to the substrate at a new position.
If the water flow rate was too high, more energy and time would
be needed to grasp the substrate at the present position, which
might result in especially less or slower movements.

Water motion could influence the distribution and locomotion
of benthic echinoderms (Fankboner, 1978; McKenzie, 1991; Liao,
1997; Zhao, 1998). Sea urchin Echinometra oblonga dominates
where water flow is vigorous and Echinometra mathaei
dominates in calmer water (Russo, 1977). Dense individuals
of the dendrochirotid Aslia lefevrei were commonly found in
areas of moderately strong water movement (Costelloe and
Keegan, 1984). Pan et al. (2015) observed that the sea cucumber
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A. japonicus did not show positive rheotaxis, but did move
downstream at the fast current rates. In the present study, the
sea cucumber Stichopus monotuberculatus displayed positive
rheotaxis behavior of moving downstream at all flow velocities.
The most obvious rheotaxis was observed at the highest water
flow rates (20.8 + 3.4cm-s!). Rheotaxis is a directed behavioral
response to flow direction and velocity involving locomotion or
muscular turning of body parts. This behavior change is intended
to ensure that the body remains relatively stable during the
feeding process, allowing for efficient filter-feeding (Kitazawa and
Oji, 2014), and can save energy used to move against the flow. Sea
cucumbers respire mainly by taking up oxygen across the general
body surface and drawing and expelling water through the
cloaca, in and out of the respiratory tree (Woodby et al., 2000).
Perhaps, the authors suggest, rheotaxis can reduce the pressure of
water flow on respiratory tree during relaxation. For the sea star
Asterias vulgaris, macroscale flow is an essential condition for
locating distant prey, and they oriented themselves upstream and
70% succeeded in finding the prey in a flume existed current and
prey odors (Morissette and Himmelman, 2000). The sea urchins
Echinometra oblonga and E. mathaei generally moved along the
water flow, rarely in a perpendicular direction, because the tube
feet are too weak to stretch across the flow (Russo, 1977). The sea
cucumber S. monotuberculatus moved both across the flow, like
the sea stars, and along the flow axis, like the sea urchins. This
finding is in line with the previous study, which showed that A.
japonicus could display a search pattern in their motor behavior,
moving diagonally across the direction of flow, and curve the
body, turning in a new direction across flow (Pan et al., 2015).

Overall, the sea cucumber S. monotuberculatus exhibited
high locomotor and feeding activities at night of relatively high
temperature, and its favored flow regime was downstream and
low water velocity area. According to the present results, this
species is suitable for being cultured in still or running water with
a relatively low flow rate, and adequate feed should be supplied
at night. The motion and feeding of S. monotuberculatus peaked
at 31°C, yet the optimum growth temperature might not be
determined as the lack of energy budget and growth rate data.
While sea ranching, a reasonable releasing time and site is helpful
to improve the survival rate, and juvenile S. monotuberculatus is
recommended to be released in the high-temperature season and
the slow flow region. Or, artificial reefs can be deployed to adjust
water flow in sea areas with complex currents.

5. CONCLUSION

The behavioral reaction of tropical commercial sea cucumber S.
monotuberculatus to different temperature and water flow were
investigated using quantitative indices. S. monotuberculatus
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