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Abstract Sea cucumbers are conspicuous organisms
inhabiting almost all marine habitats across the globe.
Despite their importance as effective consumers of detritus,
little is known about their behavior. We studied organic
matter (OM) consumption and nocturnal movement pat-
terns of Holothuria sanctori through indoors assays and
in situ experiments at shallow bottoms off Gran Canaria
Island (Canary Islands, Spain). H. sanctori has a selective
feeding toward high OM concentration sediments. Con-
sumption of OM increased with OM availability, particu-
larly during formation of the gonads. OM consumption did
not differ in situ between two adjacent habitats arranged in
mosaics: macroalgal beds and urchin-grazed “barrens.”
Larger distances and fastest displacements were covered by
H. sanctori during the end than the middle and start of the
nighttime. Overall, we did not detect a clear “homing”
behavior by H. sanctori, yet some individuals showed a
fidelity for refuges when shelter availability was lacking.

Introduction

Holothurians (sea cucumbers) are conspicuous organisms
inhabiting almost all marine habitats from tropical to polar
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areas, including abyssal plains (Richmond et al. 1996).
Despite their important role as benthic nutrient recyclers
through their feeding activity (Uthicke 2001), their behavior
is still poorly studied. Deposit-feeding sea cucumbers process
large volumes of benthic sediments, from which they
assimilate bacterial, fungal and detrital organic matter (OM)
(Kitano et al. 2003; Slater et al. 2011; Yokoyama 2013).
Surface sediments are generally a poor food source (Slater
et al. 2011; Zamora and Jeffs 2011), requiring bulk con-
sumption and efficient assimilation of OM to fulfill sea
cucumbers nutritional requirements (Lopez 1987; Slater et al.
2011). The feeding behavior and later digestive capacities of
sea cucumbers are adapted to maximize the use of OM to
optimize their growth and survival (Roberts et al. 2000). The
amount of ingested sediment is generally influenced by the
assimilation efficiency of the animal (Wiedemeyer 1992).

Sea cucumbers can develop several feeding strategies,
according to OM availability: (1) search for food, some
holothurians are able to look for the largest nutritive contents
across sediment patches (Uthicke and Karez 1999; Mercier
etal. 1999; Slater 2010); (2) food selection, some species can
select particles with the highest OM content from the sur-
rounding sediment (Hammond 1983; Rainer and Herndl
1991; Paltzat et al. 2008); (3) modification of feeding
rhythms, as holothurians can alter their ingestion rhythms
(Liu et al. 2009; Slater et al. 2009; Maxwell et al. 2009); and
(4) selective absorption, as in some cases, holothurians can
digest and assimilate particles with different efficiencies
depending on the food ingested (Liu et al. 2009; Slater et al.
2009; Maxwell et al. 2009). Apart from the obvious advan-
tage of obtaining sediments with richer OM content, differ-
ences in food selection criteria by holothurians can lead to
niche segregation between species living in the same habitat
(Roberts 1979; Sloan and von Bodungen 1980; Massin and
Doumen 1986).
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In addition to the availability of OM, feeding patterns of
sea cucumbers can be also influenced by other factors, e.g.,
water temperature and light intensity (Coulon and Janjoux
1993), or biotic processes such as reproduction. For
example, the ingestion rates of Holothuria atra and Hol-
othuria scabra increased in seasons previous to sexual
maturation, i.e., during gonad development (Wiedemeyer
1992).

Coastal landscapes typically encompass a range of
habitats with different composition and abundance of
organisms (Tuya et al. 2008), what may influence the way
OM is distributed (Alongi 1997; Sauchyn et al. 2011). For
example, on rocky shores of the Canary Islands, two main
habitats are found interspersed: macroalgal-dominated beds
and urchin-grazed “barrens” (Tuya et al. 2007). The latter
habitat is caused by large densities of the sea urchin Dia-
dema africanum which, as many other sea urchins in other
temperate regions, can transform up to 70 % of the con-
sumed algae into detritus as feces (Lison de Loma et al.
2000; Mills et al. 2000), and so produce a massive quantity
of particulate OM (POM) (Levinton et al. 2002; Mamelona
and Pelletier 2005; Sauchyn et al. 2011), which accumu-
lates in almost every crevice, crack and hole of the sub-
strate (Sauchyn et al. 2011). In turn, sea cucumbers tend to
concentrate in areas with high levels of OM (Yingst 1982;
Sibuet 1984, Slater et al. 2011).

The movement of holothurians may be influenced by the
OM distribution on the habitat, as previously indicated, but
also by other physical factors, such as the substrate rugosity
or topography (Hammond 1982a; Da Silva et al. 1986;
Graham and Battaglene 2004), which has a direct effect on
the available number of refuges, even affecting the
potential “homing” behavior of sea cucumbers (Hammond
1982a), i.e., the capacity of individuals to return to the
same refuge after their nocturnal activity, usually feeding.

Holothuria (Platyperona) sanctori Delle Chiaje 1,823 is
a conspicuous holothurian in the Mediterranean and adja-
cent eastern Atlantic, including the oceanic archipelagos of
Azores, Madeira and Canary Islands (Entrambasaguas
2008). This species shows a markedly nocturnal behavior,
remaining hidden in cracks and crevices during daylight
and moving at night to feed (Pérez-Ruzafa 1984; Pérez-
Ruzafa and Marcos 1987).

In this study, we aimed to evaluate the feeding strategies
and nocturnal movement of H. sanctori. Specifically,
we set out these hypotheses: (1) consumption of OM by
H. sanctori is not affected by OM availability; (2) the
different stages of maturity of H. sanctori do not influence
consumption of OM; (3) there is no difference in OM
consumption between juxtaposed habitats with a priori
different amounts of OM (macroalgal beds vs. “barrens”);
(4) the circadian, nocturnal movement of H. sanctori (here
quantified through travelled distances and speeds) varies
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between night periods and habitats; and (5) H. sanctori
shows a “homing” behavior according to shelter
availability.

Materials and methods

Effect of OM availability and gonadal maturation
over consumption

To test whether OM consumption by H. sanctori increased
with OM availability, an experiment using pre-treated
sediments with different OM concentrations was carried
out indoors from February to June 2009 in a tank (3 m
long x 2 m wide x 0.5 m deep tank) with constant flow-
ing of sea water, and covered by a dark mesh to avoid
direct sunlight, at the ICCM (Gran Canaria Island). Nine
plastic trays (0.5 m x 0.3 m x 0.15 m) were deployed
inside the tank, each covered by a metallic mesh and
containing 4 adult H. sanctori individuals (100-260 mm of
total length), previously captured and adapted to indoor
conditions for 2-5 days. Three trays were filled with 500 g
of natural sediment (~4 % of OM) as controls (CA, CB
and CC). Another set of 3 trays contained 450 g of natural
sediment plus 50 g of aquaculture feeding pellets (BIO-
MAR, PROAQUA NUTRICION; 44 % of protein, 24 % of
fat, 8.5 % of ash; ~ 10 % of OM: 1 x A, 1 x B and
1 x C). The last set of trays contained 400 g of natural
sediment plus 100 g of aquaculture feeding pellets
(~20% of OM: 2 x A, 2x B and 2 x B). The
arrangement of the trays on the bottom of the tank was
haphazard, such that trays of different treatments were
interspersed with each other in space. Six sediment samples
were randomly collected from each treatment (C, 1x and
2x) at the start of the experiment and the OM content
determined. Samples were oven-dried at 60 °C for 24 h.
Each sample was divided into 3 subsamples of ca. 0.5 g;
empty crucibles of known weight (CWppy) were used to
place subsamples (n = 18) and determine their weights
(CWeap). The crucibles were introduced in a furnace at
550 °C for 2 h and then weighted to obtain the ash weight
(CW a5nes); the ash percentage (inorganic matter), the % of
OM and the OM consumption were calculated as (Brenner
and Binford 1988; Dar and Ahmad 2006; Wolkenhauer
et al. 2010):

CWashes — CWempty
CWfull
%OM = 100 — %Ashes

OMconsumption = %OM in sediment — %OM in feces

%Ashes = x 100

After 24 h from the beginning of the experiment, the trays
were revised and all the feces removed to avoid
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re-ingestion. The experiment lasted for 48 h; two feces
samples were collected from each tray at the end. Each
sample was subdivided into 3 subsamples and the % OM
determined, as explained before, as well as the OM con-
sumption. Both the sediment and feces samples were col-
lected using a modified bulb pipette technique (Rafalowski
and Plante 2013). The experiment was repeated three
times, corresponding to three sexual stages of H. sanctori
maturity (Navarro et al. 2012b): stage 1 (February 2012,
incipient gonadal development), stage 2 (April 2012:
intermediate gonadal development) and stage 3 (June 2012,
maximum sexual maturity). To test for differences in OM
consumption between treatments and gonadal maturation
stages, a 3-way, permutation-based ANOVA was carried
out, including the factors: (1) “Treatment” (fixed factor
with 3 levels: C, 1x and 2x), (2) “Tray” (random factor
nested within “Treatment”) and (3) “Maturation stage”
(fixed factor with 3 levels). The significance of p values
was tested through 4,999 permutations of the data. Despite
data was squared-rooted and then arc sin-transformed, an
appropriate transformation for percentage data (Sokal and
Rohlf 1987), variances remained heterogeneous. However,
the ANOVA was carried out, as it is robust for heteroge-
neous variances for balanced designs (Underwood 1997).
The significance level was then set at the 0.01 level to
reduce a type I error (Underwood 1997). We used the
“Tray” MS as the denominator MS for the construction of
the F test for the main affect, following our nested design.
Pair-wise tests (through 999 permutations of the data) were
used to resolve differences whenever appropriate.

Differences in OM consumption between habitats

The study was carried out in Gran Canaria Island (28°N,
eastern Atlantic) at two locations: Risco Verde (RV,
27°51'27"N; 15°23’13"W) and Playa del Cabrén (PC,
27°52'16"N; 15°23’08"”"W). Both locations encompass
rocky substrates covered by frondose macroalgae (mainly
fucoid seaweeds such as Cystoseira and Sargassum) and
extensive rocky areas denuded of algal coverage as a result
of overgrazing by the sea urchin D. africanum, i.e., “bar-
rens.” On the 19th of September 2008, sediment samples
(n = 15) were collected immediately adjacent to H. sanc-
tori refuges, while another set of 15 sediment samples were
collected from H. sanctori feces at both locations to
determine the OM consumption in each habitat and loca-
tion. Both the sediment and feces samples were collected
using a modified bulb pipette technique (Rafalowski and
Plante 2013). The pipette tip was cut to have a wider
suction diameter, which let the feces enter without break-
ing. The OM percentage and consumption were determined
as explained before. To test for differences in OM con-
sumption between habitats and locations, a 2-way,

permutation-based ANOVA was used, including the fac-
tors: (1) “Habitat” (fixed factor with 2 levels: macroalgal-
dominated beds vs. “barrens”) and (2) “Location” (ran-
dom factor with 2 levels), following the same criteria
outlined previously. To determine POM pools, 3 sediment
samples were haphazardly collected from each habitat and
location. Samples were taken to the laboratory and sieved
through a 0.063 mm mesh. The POM was then determined
as explained previously. This procedure was repeated twice
(September 2011 and February 2012) to test whether this
pattern was temporally consistent.

Patterns of nocturnal movement of H. sanctori:
“homing” behavior

The study was carried out at RV on November 2011. Due
to the prominent nocturnal behavior of this species (Pérez-
Ruzafa 1984; Pérez-Ruzafa and Marcos 1987), experi-
ments were carried out with SCUBA at nighttime. Animals
were marked via a scratching technique, which has been
effective to mark some holothurians, e.g., Holothuria
whitmaei (Shiell 2006). The success of the technique was
locally demonstrated through a pilot study (Navarro
2012a), where the scratching technique was the most vis-
ible and less invasive mark on a short-term behavioral
experiment. Individuals, however, displayed high rates of
activity immediately after manipulation (6-12 h); after-
ward, movements were similar to those displayed by
unmarked individuals. In the field, individuals were
marked in situ by SCUBA divers during daylight using a
scalpel. Marked numbers were 3—4 cm long, 2-3 cm wide
and 1 mm deep (Shiell 2006).

Three shelters with similar physical structure were
selected, 40-50 m apart, to avoid cross-movements of
animals between shelters. One shelter was located in a
macroalgal-dominated area, another shelter was within a
“barren,” while the third shelter was located in the border
between both habitat patches. Thirty individuals of
H. sanctori were randomly marked at each shelter (N = 90).
Observations of marked animals were carried out every 5 h
approximately, corresponding to 3 time intervals: 15:00-
20:00 h (start of the night), 20:00-01:00 h (middle of the
night) and 01:00-6:00 h (end of the night). The first
observation started between 6 and 12 h after marking. On
each time interval, distances and speeds travelled by each
marked individual, as well as the total distance travelled
throughout the entire night, were calculated using a com-
pass, a metric tape, a dive computer and principles of basic
trigonometry (Tuya et al. 2004). Displacements between
successive intervals were, however, considered to follow a
straight line; usually, this movement is naturally random
(Graham and Battaglene 2004; Purcell and Kirby 2006)
and do not follow a straight line, so an underestimation is
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assumed (Carpenter 1984). To determine whether habitat
complexity might have affected movement patterns of H.
sanctori, the bottom rugosity around each shelter was
quantified through the chain-to-tape method (Luckhurst
and Luckhurst 1978), which consists in comparing the
straight length (SL) of the tape and the contour length of
the bottom covered by the chain (CL).

L

Rl = —
SL

This estimate was calculated for 30° sections around each
shelter. This experiment was repeated in 3 non-consecutive
days (4, 11 and 18th of November 2012, respectively) to
assess whether nocturnal patterns were consistent at ran-
dom times. Although we were not able to remove all ani-
mals after each trial, previously marked individuals were
easily recognizable, showing narrow and dark numbers on
their dorsal tegument due to the scarification process.

To test for differences in speeds and distances between
time periods (intervals), shelters (habitats) and days, a
3-way, permutation-based ANOVA was used. The analysis
included the factors: (1) “Period” (fixed factor with three
levels: 15:00-20:00, 20:00-01:00 and 01:00-06:00), (2)
“Habitat” (fixed factor with three levels corresponding to
the habitat immediately around each shelter: macroalgal-
bed, “barren” and border) and (3) “Day” (random factor
with three levels). Data were square root-transformed to
achieve homogeneous variances. Differences in bottom
rugosity between habitats were tested through a ¢ test or its
nonparametric equivalent (Mann—Whitney test). The rela-
tionship between the number of individuals in each of the
30° sectors surrounding each shelter and the bottom rug-
osity of each sector was tested through a Pearson product-
moment correlation test.

Results

Effects of OM availability and gonadal maturation
stage over consumption

Overall, OM levels in feces were found to be higher than
those of surrounding sediments, resulting in negative OM
consumption rates, what suggests a selective feeding
toward sediments with high OM levels (Fig 1). Con-
sumption of OM varied between OM addition treatments
(Fig. 1; ANOVA, “Treatment,” F = 5.1261, P = 0.0314;
Table 1). A higher OM consumption was observed for 1x
and 2x treatments than the control; OM consumption did
not vary between treatments 1x and 2x (Fig. 1; pair-wise
test + = 1.9018, P = 0.202). Consumption of OM also
varied between maturation stages (ANOVA, “Maturation
stage,” F = 5.1219, P = 0.029; Table 1); consumption
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Fig. 1 OM consumption by H. sanctori according to the different
treatments and gonadal maturation stages. A positive consumption
indicates that the % OM in feces is lower than in surrounding
sediments due to intestinal absorption. A negative consumption
indicates that the % OM in feces is higher than in surrounding
sediments. Error bars are standard errors of means

during stage 1 (February) was significantly larger than
during stage 3 (February vs. June, pair-wise test,
t =3.1113, P =0.026). Patterns in OM consumption
between treatments were consistent between maturation
stages (ANOVA, “Treatment x Maturation stage,”
F = 1.4864, P = 0.2628).

Differences in OM consumption between habitats

Natural POM levels were higher in “barrens” than in
macroalgal-dominated beds (Fig. 2) in both September
2011 (¢ test; t = 2.976, P = 0.049) and February 2012
(t test; t = —3.394, P = 0.027), although OM consump-
tion did not vary between habitats (Fig. 3; ANOVA,
“Habitat,” F = 0.31639, P = 0.4908; Table 2). Again,
OM levels in feces were found to be higher than those of
surrounding sediments (Fig. 3).

Patterns of nocturnal movement of H. sanctori:
“homing” behavior

Nocturnal movements of H. sanctori occurred between the
sunset (19:00 h) and 2-3 h before the sunrise. From a total
of 270 marked animals, we were exclusively able to collect
data from 52 individuals throughout the entire nighttime;
the rest of individuals were only observed at 1 or 2 times
(not always on successive periods) and ignored in analyses.
To maintain a balanced design for statistical analyses, a
minimum of n =15 was selected (n = 5; N = 45).The
mean distance travelled throughout the nighttime ranged
among 1.86 and 2147 m (mean distance = 11.12 &+
424 m, N = 45). Significant differences were found
between night periods (Fig. 4a; ANOVA, “Period,”
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Table 1 ANOVA results contrasting the effect of “Treatment,” “Maturation stage” and “Tray” over the OM consumption by H. sanctori

Factor df MS F P Pair-wise test
Treatment 2 2.79E—-02 5.1261 0.0314 C<2x
Maturation stage 2 6.61E—02 5.1219 0.029 February > June
Tray (Treatment) 6 5.44E—-03 3.3142 0.0044
Treatment x Maturation stage 4 1.92E-02 1.4864 0.2628
Tray (Treatment) x Maturation stage 12 1.29E—-02 7.8579 0.0002
Residual 135 1.64E—-03
0 Table 2 ANOVA results contrasting the effect of “Habitat” and
E :3 “Location” over OM consumption by H. sanctori
Factor df MS F P
S
< Habitat I 250E—04 03163  0.4908
2 Location 1 3.26E—04 1.2305 0.2772
Q.
€ Habitat x Location 1 7.91E—04 2.9884 0.0834
3
4 Residual 176 2.65E—04
3
=
O -3 8
Il Vacroalgal-dominated beds (a)
[ Border
[ Barren
-4 . . g 61
Barren Macroalgal-dominated beds ®
o
=
Fig. 2 POM pools (expressed in %) in “barrens” and macroalgal- %
dominated beds. Error bars are standard errors of means o 47
E:
7 g
I September 2011 ©
. [ February 2012 = 27
5
0
g 41 2
=
z | (b)
o
27 e
IS
3
1 =
©
2 1
0 &
Barren Macroalgal-dominated beds c
©
(]
Fig. 3 OM consumption by H. sanctori in macroalgal-dominated =
beds and “barrens” at Risco Verde (RV) and Playa del Cabr6n (PC).
A negative consumption indicates that the % OM in feces is higher
than in surrounding sediments. Error bars are standard errors of
means 0
15:00-20:00 20:00-01:00 01:00-06:00

F = 48.043, P = 0.01; Table 3). Larger distances were
covered during the end (01:00-06:00 h) than the middle
(20:00-1:00 h) and start of the night (15:00-20:00 h)
(Fig. 4a, pair-wise tests, Table 3), independently of the
type of habitat (Fig. 4a; ANOVA, “Period x Habitat,”
F =1.1129, P =0.4168; Table 3). The mean speed

Fig. 4 Mean travelled distances a and mean speeds (b) of H. sanctori
per nocturnal period at each habitat. Error bars are standard errors of
means

throughout the nighttime varied between 0.14 and
1.94 m h™' (mean speed = 0.99 & 0.36 m h™', N = 45).
Significant differences were found between night periods
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Table 3 ANOVA results testing the effect of the nighttime “Period,” “Habitat” and “Day” over travelled distances and speeds of H. sanctori

Factor Travelled distances Speeds
df MS F P Pair-wise comparisons MS F P Pair-wise comparisons
Period 2 1,345  48.043 0.01 Final > middle > initial 61.781 32.726 0.009  Final > initial > middle
Habitat 2 112.19 29.875 0.1756 18.146 20.844 0.2446
Day 2 76.824 42795 0.0144 54.147 11.869 0.0002
Period x Habitat 4 51481 11.129 0.4168 12.869 13.335 0.3308
Period x Day 4 27995 15.595 0.1916 18.878 0.41383 0.7892
Habitat x Day 4 37554 20919 0.0866 87.053 19.082 0.1182
Period x Habitat x Day 8 46259  0.25769 0.975 0.96502  0.21154 0.989
Residual 108 17.952 45.619
Pair-wise comparisons between nighttime periods are included in the right-hand columns
(Fig. 4b; ANOVA, “Period,” F = 32.726, P = 0.009; Discussion

Table 3). Larger speeds were again registered at the end
than at the start and middle of the night (pair-wise tests,
Table 3), independently of the type of habitat (Fig. 4b,
ANOVA, “Period x Habitat,” F = 1.3335, P = 0.3308;
Table 3).

Overall, we did not detect a clear “homing” behavior.
Animals usually did not return to the refuge they were
initially marked (Fig. 5). In any case, the movements of
animals in macroalgal-dominated beds were more direc-
tional (following NE or SW courses) than in the border and
“barren” habitats, where movements were more random
and did not follow specific courses (Fig. 5). However, 4
individuals (8.89 % of total marked animals) showed a
“homing” behavior; all of them were individuals marked
in that shelter surrounded by macroalgal beds, which rep-
resents a 26.67 % of the animals marked in this shelter.

Effect of substrate rugosity over the movement
and homing behavior

Both “barren” and border habitats had similar bottom
rugosities, 32.50 and 31.54 %, respectively (¢ test; t =
—0.222; P = 0.826), being larger than rugosities at mac-
roalgal-dominated beds, with 20.58 % (z test; t = —3.407;
P = 0.002; Mann—Whitney Test, U = 38.5, P = 0.020,
respectively). The total number of animals observed in
each of the 12 sectors surrounding each refuge was posi-
tively, yet not statistically significantly, correlated with the
rugosity of each sector (Pearson correlation tests: macro-
algal-dominated beds, r; = 0.402, P = 0.195; border,
ry = 0.416, P = 0.179; “barren,” r, = 0.335, P = 0.286).
However, those individuals that showed “homing”
behavior in macroalgal-dominated beds showed a positive
and significant correlation with the substrate rugosity of
each sector (ry = 0.809, P = 0.001).
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Effects of OM availability and gonadal maturation
stage over consumption

Our results have demonstrated experimentally that OM
consumption increased with sediment OM availability.
This outcome coincides with what was observed for Aus-
tralostichopus mollis in New Zealand (Zamora and Jeffs
2011), where the OM content in feces was also reduced
with increasing the OM availability in sediments, espe-
cially with concentrations between 12 and 20 % OM. We
also found differences in OM consumption between
gonadal maturation stages. During February and April
(maturation stages 1 and 2), the gonads of H. sanctori are
developing and growing (Navarro et al. 2012b), so the
animals require large amounts of energy to create new
tissue, as it has been reported for H. atra and Holothuria
hawaiiensis (Dar and Ahmad 2006). In June, however,
gonads are fully developed (Navarro et al. 2012b);
H. sanctori does not need to invest energy and, therefore,
consumption of OM decreases as the energy demand also
decreases.

It is important to note that in our study, the % of OM in
feces was always higher than in the surrounding sediment.
This fact has been also observed for other sea cucumber
species, such as H. scabra (Mercier et al. 1999) and Isos-
tichopus badionotus (Hammond 1982a, b; Conde et al.
1991, Rafalowski and Plante 2013), and usually denotes a
selective feeding strategy of the species (Slater et al. 2011).
Individuals consume sediment patches with a higher OM
content than surrounding sediments, and so released feces
can even maintain a larger OM content than nearby
sediments.

These results can be useful for temporal management of
multi-trophic aquaculture activities, as H. sanctori could
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Day 1

Macroalgae

Border

Barren

180 180

Fig. 5 Movement of marked H. sanctori individuals at the 3 habitats (macroalgal-dominated beds, border and “barrens”) during days (columns).
Total displacements of animals in each habitat are also included. Distances are represented in meters and angles in degrees

effectively absorb high OM concentrations from sediments
beneath off-shore fish cages when gonads are developing;
this has already been implemented with other holothurians,
e.g., A. mollis (Slater and Carton 2009; Slater et al. 2011,
Zamora and Jeffs 2011) and Apostichopus japonicus
(Yokoyama 2013).

Differences in OM consumption between habitats

In the study area, abundance and size patterns of
H. sanctori do not differ between habitats (1.13 ind m ™2 in
macroalgal-dominated beds versus 3.47 ind m~2 in “bar-
rens”; Navarro et al. 2013, Tuya et al. 2006, respectively).

Despite macroalgal-dominated beds and “barrens”
showed differences in POM levels, we did not detect sig-
nificant differences in OM consumption by H. sanctori
between these two habitats. The high POM content
detected in “barrens” is probably due to the presence of
D. africanum fecal pellets, which likely contain high
quantities of OM from consumed algae, as it has been
reported for other sea urchins (Levinton et al. 2002;

Mamelona and Pelletier 2005; Sauchyn et al. 2011).
Macroalgal-dominated areas, on the other hand, do not
have high sea urchin densities, so POM levels are com-
paratively lower. Yet, it was worth noting that consumption
of OM between macroalgal-dominated and “barrens” areas
did not differ, at least statistically; a larger replication of
the experiment (e.g., more locations), however, may have
produced a different outcome, particularly since differ-
ences in OM consumption between habitats differed
between the two studied locations.

Again, higher OM levels in feces than in surrounding
sediments suggest selective feeding on organic-rich sedi-
ments; H. sanctori may, therefore, feed on different areas
than those sampled in our study. The higher OM levels in
feces are likely a result of our inability to adequately mimic
the feeding strategy of this species when we sampled the
surface sediments, as happens with I. badionotus (Rafa-
lowski and Plante 2013). This selective behavior, at larger
scales, such as selective movement toward higher organic
content food sources or patch selection, can also improve
deposit-feeding efficiency and may help explain the spatial
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distribution of sea cucumbers within or among habitats
(Slater et al. 2011).

Patterns of nocturnal movement of H. sanctori: homing
behavior

The daily distances travelled by H. sanctori were between
1.86 and 21.47 m, with a mean travelled daily distance of
11.12 £ 4.24 m. These values are considerably larger than
previous distances (~ 1 m) registered for the same species
(Pérez-Ruzafa and Marcos 1987). Daily distances travelled
by H. sanctori are larger than those registered for other
holothurians, e.g., A. mauritiana (3.02 m, Graham and
Battaglene 2004) and P. californicus (3.93 m, Da Silva
et al. 1986). Speeds displayed by H. sanctori varied
between 0.14 and 1.94 m h™!, slightly larger than those
observed for A. mauritiana (0.04 and 0.21 m h™', Graham
and Battaglene 2004), H. mexicana (0.08-0.40 m h_l) and
L. badionotus (0.04-0.4 m h~!, Hammond 1982a, b), but
lower than mean speeds by A. echinites (9 mh™',
Wiedemeyer 1994). It is important to take into account that
both travelled distances and speeds may be somewhat
higher in our study compared to natural conditions, as
animals can develop an “escape” behavior, with high
levels of activity due to the manipulation, marking and
relocation of animals. This behavior has been observed for
other sea cucumber species, e.g., H. atra (Yamanouchi
1939), Thelenota ananas and H. whitmaei (Conand 1991).
In our study, and since we used an in situ marking tech-
nique, we reduced the error derived from allocations.
Animals were exclusively affected by manipulation and
marking, which, in our case, was not as invasive as using
anchor tags (Shiell 2006), but might have, to some extent,
influenced the normal activity of animals. Furthermore, as
the first observations of animals were carried between 6
and 12 h after marking to prevent the “disappearance” of
animals due to high levels of rugosity in the area, the
recorded activity is probably higher than normal due to the
effects of marking (Navarro et al. 2012b).

Holothuria sanctori started moving at dusk, i.e., between
18:00 and 19:00 h, what somehow coincides with previous
observations from Tenerife Island (Pérez-Ruzafa and Mar-
cos 1987), where animals started moving at around 20:00 h.
The difference on the starting moving time is due to differ-
ences in seasonality, as our study was conducted on
November in contrast to April (Pérez-Ruzafa and Marcos
1987). In general, speeds were larger on the initial
(15:00-20:00 h) and final (01:00-06:00 h) than the middle
(20:00-01:00 h) periods of the night. At the start of the
nighttime, individuals tend to quickly leave their refuges to
search for food; once found, individuals tend to remain
without moving. This behavior coincides with previous
observations (Pérez-Ruzafa and Marcos 1987), including
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detection of the largest amount of animals out of their refuges
at 01:00 h. In the final period of the night (01:00-06:00 h),
the mean speed of animals increased due to “rushing” to
refuges before sunrise. This nocturnal movement contrasts
with other holothurian species, e.g., A. mauritiana (Graham
and Battaglene 2004), which shows opposite speed patterns,
moving quicker in the middle of the night (20:00-23:00 h)
than in the night marginal periods.

Although light intensity notoriously influences patterns
of movement of H. sanctori, the OM distribution on the
habitat may also affect the activity of H. sanctori. For
example, the movement of juveniles of H. scabra was
higher on bare surfaces or substrates deprived of OM rel-
ative to substrates with high OM (Mercier et al. 1999). As a
result, if the OM is unequally distributed (Mercier et al.
1999), the capacity of locomotion is altered.

In our study, we did not detect a clear fidelity to refuges, as
only 8.89 % of animals (but 26.67 % of animals in macro-
algal-dominated areas) showed some degree of “homing”
behavior. This pattern has been described for other sea
cucumbers, e.g., A. mauritiana (Graham and Battaglene
2004) and Parastichopus californicus (Da Silva et al. 1986),
which after feeding, rapidly searched for available refuges to
hide. Hammond (1982a) recorded a returning rate to initial
refuges of 68 % for H. tomasi and 72 % for A. agassizi,
although the high returning rates were due to the low avail-
ability of suitable refuges. Da Silva et al. (1986) demonstrated
that, in areas with abundant refuges, P. californicus did not
return to initial marking refuges. In our study, we attribute the
low shelter fidelity of H. sanctori to the high availability of
refuges created by high levels of rugosity of the substrata. The
“barren” and border habitats have large numbers of potential
refuges, so animals did not require to return to the same ref-
uge. This fact, alongside with a higher availability of POM in
“barrens” compared to macroalgal-dominated areas, help out
to explain that H. sanctoritend to move randomly in “barren”
and border habitats. On the other hand, as refuges were
comparatively scarcer due to lower rugosity of the substrata,
alongside with low food availability (POM), animals have a
tendency to remain around the same areas in macroalgal-
dominated areas. This pattern was previously reported for
H. mexicanum and I badionotus in Jamaica (Hammond
1982a), and coincides with the behavior of H. sanctori, so a
low availability of refuges forces fidelity to refuges.
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