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INTRODUCTION

The Pacific and Indian Ocean black teatfish Holo-
thuria (Microthele) whitmaei (previously H. nobilis;
see Uthicke et al. 2004) is one of ~30 species of sea
cucumbers (Conand 2004) harvested for commercial
purposes (Chen 2004, Uthicke et al. 2004). Increasing
demand for sea cucumbers has led to a significant

increase in commercial and illegal exploitation of wild
sea cucumbers (Toral-Granda et al. 2008), particularly
for high-value species such as H. whitmaei and H.
scabra (Uthicke & Benzie 2000a, Rees et al. 2003). As
many high-value species maintain naturally low popu-
lation densities, fishers maintain commercial viability
by simultaneously targeting a range of high-, medium-
and low-value species. Traditionally, this has con-
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ABSTRACT: The population density, activity and bioturbation contribution of the sea cucumber
Holothuria whitmaei was investigated on Ningaloo Reef, Western Australia. Two methods, stratified
manta tows and blanket manta tows, recorded population densities between 11.4 and >100 individ-
uals (ind.) ha–1. Further analysis revealed a heterogeneous pattern of distribution, with individuals
tending to aggregate (Moran’s I; 0.039; p < 0.05) on the outer reef lagoon and particularly in areas of
high flow. Densities within aggregations were up to 7.2 times greater than those obtained after blan-
ket manta tows (17.1 ind. ha–1), and 4.5 to 6.3 times greater than those obtained after traditional strat-
ified manta tows (19.3 to 27.1 ind. ha–1). Behavioural studies, including investigations of activity and
bioturbation, were conducted over a 2 yr time frame (2002–2003) incorporating 3 monitoring periods
within each year: January, April and August. Rates of activity varied diurnally, increasing between
morning and afternoon, and seasonally, increasing in April, relative to January and August. Tempo-
ral patterns of feeding were more difficult to characterise; although rates of sediment egestion were
in many cases higher in the morning, no conclusive diurnal or seasonal patterns could be established.
Subsequent regression analysis, however, did find a significant positive correlation between the dis-
tance travelled and the volume of sediment egested. The volume of sediment bioturbated by H. whit-
maei at a population level was found to represent only a small fraction of the sediments available (ca.
2 to 14% per annum), even though the contribution per individual was greater than that of smaller
sea cucumber species. However, at maximum densities and typical rates of activity, H. whitmeai
makes physical contact with approximately 2 times the available coral reef sediments per annum per
hectare, simply by crawling. This may represent an important ecological contribution, particularly in
light of previously documented links between sea cucumber activity, nutrient recycling and the
enhancement of benthic microalgal communities.

KEY WORDS:  Aggregation · Behavioural activity · Bioturbation · Coral reef lagoon · Density-
dependent effects

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 415: 127–139, 2010

tributed to a ‘boom and bust’ cycle where high-value
sea cucumbers are targeted preferentially, leading to
high-value species being fished to near local extinction
(Rees et al. 2003) or to levels too low to sustain the fish-
ery (Uthicke & Benzie 2000a).

Previous studies of the ecology and biology of
Holothuria whitmaei centred on the Great Barrier Reef
(GBR), Queensland, Australia (Uthicke & Karez 1999,
Uthicke & Benzie 2000a,b, 2002, 2003, Byrne et al.
2004, Uthicke et al. 2004) and elsewhere in the broader
Pacific Ocean (Conand 1981, 1993, Martinez & Rich-
mond 1998). Several of these provide useful descrip-
tions of the habitat preferences of H. whitmaei, which
are described broadly as the reef flat, the reef lagoon,
the mid and outer reef shelf and passes, or ‘gaps’, in
the crest of barrier and fringing coral reefs (Conand
1985, 1990, 1993, Hammond et al. 1985, Massin &
Doumen 1986, Preston 1993, Long et al. 1996, Uthicke
& Benzie 2000a). Densities of H. whitmaei within these
habitats are typically low, ranging between 5 and 25
individuals (ind.) ha–1 (Massin & Doumen 1986,
Conand 1989, 1990, Preston 1993, Long et al. 1996,
Lawrence et al. 2004); however, densities of 100 to 275
ind. ha–1 have been reported (Conand 1989, Lokani
1990, Byrne et al. 2004, Kinch et al. 2008).

Activity behaviour in sea cucumbers has been linked
with feeding (Hammond 1982, Massin 1982a, Shiell &
Knott 2008). Feeding in aspidochirotes is achieved by
ingesting and stripping sediments of associated organic
nutrients (Massin 1982a). Consequently, holothurians
are strong bioturbators of the upper 5 mm of marine
sediments (Bakus 1973, Massin 1982a,b, Aller & Yingst
1985, Amon & Herndl 1991). Estimates of the total bio-
turbation contribution of sea cucumbers vary but, at
greater densities, holothurians are reported to process
several tonnes of sediment per annum (Hammond
1982, Uthicke 1999). Apart from the physical manipula-
tion of sediments, sea cucumbers, through their inges-
tion and metabolism of organic matter, contribute nitro-
gen-based compounds directly to the sediment/water
interface (Massin 1982b, Birkeland 1988, Uthicke 1999,
2001a,b), thereby enhancing benthic community pro-
ductivity (Uthicke & Klumpp 1998).

Studies of the bioturbation and nutrient recycling
contribution of aspidochirotes have traditionally fo-
cused on low- to medium-value holothurians (Ham-
mond 1982, Klinger et al. 1994, Uthicke 1999, 2001a,b,
Ferdouse 2004). Two of the most abundant low-value
aspidochirotes of the Indo-Pacific, Holothuria atra and
Stichopus chloronotus, are prolific bioturbators of coral
reef sediments, processing the upper 5 mm of marine
sediments in their habitat at least once per annum
(Uthicke 1999). Similarly, a period of ~1 yr is required
for Isostichopus badionotus and H. mexicana to rework
marine sediments to a depth of 3 mm in the Caribbean

(Hammond 1982). In contrast, little is known of the bio-
turbation and ecological contribution of high-value
species (but see Wiedemeyer 1992 and Wolkenhauer
et al. 2010 for studies of bioturbation in the high-value
sand-dwelling species H. scabra).

Here we investigated the population density of a
high-value species Holothuria whitmaei on a 750 ha
area of fringing coral reef at Ningaloo, Western Aus-
tralia, using both stratified and blanket manta tow
census methods. Estimates provided here are likely
to represent ‘natural’ population densities since, to
our knowledge, Ningaloo has never been subjected
to commercial fishing, nor is it likely to have been
affected by poaching given its distance from tradi-
tional fishing nations.

Also, we provide the first documentation of diurnal
and seasonal changes in the rate of activity and bio-
turbation of Holothuria whitmaei and evaluate the eco-
logical contribution of this species in the context of
observed population densities. The present study,
along with those of other commercially significant sea
cucumbers, are urgently required given the preferen-
tial harvesting of high-value sea cucumbers and the
relative lack of knowledge of sea cucumbers in com-
parison with other commercially important marine
resources.

MATERIALS AND METHODS

Study location. Population densities and temporal
changes in the foraging behaviour of Holothuria whit-
maei were recorded near Coral Bay, Ningaloo Reef,
Western Australia. Density surveys were conducted
between Point Maud and Lotty’s Lagoon (Fig. 1).
Behavioural monitoring was undertaken on a 1 ha sec-
tion of reef located ca. 3 km south of Coral Bay (see
also Shiell & Knott 2008).

Density, distribution and aggregations. Densities of
Holothuria whitmaei were calculated based on the
number of individuals observed after (1) stratified
manta tow surveys, designed to target specific habi-
tats; and (2) ‘blanket’ manta tow surveys (in conjunc-
tion with GIS analysis), designed to include all habi-
tats. Stratified manta tow surveys (n = 9 to 10 per
location) were conducted between September 2001
and January 2002 on the outer reef lagoon at (1) Lotty’s
Lagoon, (2) Glass Bottom Boats (GBB) and (3) Point
Maud (Fig. 1). These areas were selected based on the
known habitat preferences of H. whitmaei described
by Conand (1985, 1990, 1993) and Uthicke & Benzie
(2000a). Transect length varied between 150 and
310 m; transect width was 3 m (1.5 m either side of
transect). Density estimates (ind. m–2) were calculated
as number of individuals divided by the transect area

128



Shiell & Knott: Aggregation and activity of Holothuria whitmaei 129

Fig. 1. Holothuria whitmaei. Aerial images of the survey region overlain with GPS waypoints (small yellow squares with black
centres) representing the positions of individuals. Inset panels A, B, C and D represent, respectively, enlarged views of the Point
Maud, Glass Bottom Boat, southern Glass Bottom Boat and Lotty’s Lagoon sites, where individuals were significantly aggregated.
Yellow shaded ellipses in the main panel represent habitats containing 40% of the sampled population following the kernel home
range analysis (ArcView™, ESRI). Red horizontal bars (insets A, B & D) represent the position of initial manta tow transects; the
yellow polygons in panels A, B, C and D depict the individual areas used to calculate densities in zones containing aggregations. 

Arrows (insets B & C) depict the direction of prevailing water movement (described by Hearn et al. 1986)
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(transect length [m] × transect width [m]). ‘Blanket’
manta tow surveys were (1) conducted over the entire
fringing reef lagoon (including the habitats previously
surveyed by stratified manta tows) and (2) modified so
that the position of individual specimens could be
recorded as a single GPS waypoint. To achieve this, an
observer seated at the back of the boat used a hand-
held GPS unit to enter the position of individual sea
cucumbers when the appropriate signal was given by
the ‘in-water’ observer. The error generated by the
distance between the GPS operator and the observer
was considered negligible given the scale of the area
(750 ha) included in the surveys.

Surveys conducted between August 2002 and April
2003 covered ~750 ha of coral reef habitat. The habi-
tats surveyed were the reef lagoon, the reef flat, reef
passes and, where possible, the reef crest. Depths
ranged between 1 and 2 m on the reef flat, 3 and 10 m
in the reef lagoon and up to 15 m adjacent to passes.
Some areas of the reef, including deeper habitats adja-
cent to Point Maud and the area west of the reef crest,
were not included in the surveys as the depths at these
locations precluded effective viewing of sea cucum-
bers. Parallel, east–west transects (30 to 50 m apart)
were conducted as follows: between Lotty’s Lagoon
and Monks Head in August 2002; between Monks
Head and Coral Bay, and between Coral Bay and Point
Maud in January and April 2003, respectively.

To determine the pattern of sea cucumber distribu-
tion, individual waypoints were plotted on a digitally
rectified aerial photograph. Kernel home range analy-
sis (Hooge & Eichenlaub 1997), a GIS application
within ArcView™ (ESRI), was used to identify habitats
containing ‘aggregations’. Aggregations were defined
subjectively as areas containing ~40% of the popula-
tion, within disproportionately small (~15 to 20%)
areas of habitat. The 40% criterion was selected fol-
lowing review of different ‘cut off’ criteria (within the
kernel analysis) together with knowledge of where the
aggregations were centered, e.g. GBB, Point Maud.
The extent to which areas harbouring aggregations
contained significantly higher concentrations of indi-
viduals (relative to adjoining areas) was calculated
using Moran’s I test (Moran 1950, Cliff &Ord 1981).

Densities were then estimated by means of GIS over
2 habitat scales: (1) within habitats containing aggre-
gations and (2) over the full range of the habitats occu-
pied. Part 1 of the analysis calculated ‘upper’ and
‘lower’ densities to account for the fact that the number
of blanket manta tows varied between 2 and 3 per
hectare. Densities within aggregations were estimated
by plotting a boundary around the habitats shown by
the kernel analysis to contain aggregations, and then
counting the number of sea cucumbers located within
(see Fig. 1 for location and extent of boundaries). In

Part 2 of the analysis, the population density incorpo-
rating the full range of distribution was calculated by
plotting a boundary around the most outwardly distrib-
uted individuals. Density calculations included only
the habitats known to be favoured by Holothuria whit-
maei, i.e. areas containing appropriate shelter in the
form of live coral or coral rubble. Areas containing
large expanses of open sand or sand characterised by
‘ripple marks’ were not included in the estimate.

Rates of activity and sediment egestion. Diurnal
rates of activity and sediment egestion (a proxy for
bioturbation) were measured on 9 and 8 field trips,
respectively, between January 2002 and September
2003. Eighteen individuals were included in the initial
2 field trips and 30 in subsequent field trips. Before the
beginning of monitoring, adult specimens were col-
lected by SCUBA and transferred to preselected sites
within the study area (see Shiell & Knott 2008).

Individual Holothuria whitmaei specimens were then
marked with a number and left to recover for a mini-
mum of 5 d following Shiell (2006). Marker plates were
placed directly posterior to each animal, from which
point all subsequent movement was determined (fol-
lowing Mercier et al. 2000, Uthicke 2001a). Upon locat-
ing a sea cucumber, divers used a plastic measuring
tape to record the distance between the marker weight
and the posterior end of the sea cucumber. This was
achieved by bending the tape along the visible faecal
trail to record the total distance travelled, not the
straight line distance. The egested faecal material was
then carefully collected and transferred to plastic vials
for later dry weight analysis. Marker plates were then
returned to the substrate immediately posterior to the
sea cucumber, taking care not to disturb the animal.

Diurnal rates of activity and sediment egestion were
measured in 2002 and 2003. In both years, behavioural
measures were conducted in January, April and
August. These months coincide with the species’
reproductive phases: developing, mature and partly
spawned or spent (sensu Shiell & Uthicke 2006). On
each sampling occasion, sediment egestion and activ-
ity studies proceeded over a 5 d period, with each day
comprising 4 diurnal increments: early morning (EM),
midday (MD), late afternoon (LA) and night (N). To
account for differences in day length between seasons,
divers commenced EM monitoring at ~2 h after sun-
rise, MD at ~4 h after sunrise and LA at ~2 h before
sunset. Night time rates of activity were calculated
based on the number of hours between the end of the
LA monitoring and the beginning of EM monitoring, a
period typically spanning 12 to 14 h. Rates of activity
and sediment egestion were respectively calculated by
dividing the total distance travelled (cm) and the dry
weight volume of faeces egested (g) by the number
hours (h) between monitoring periods.
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Gut retention time. To estimate the length of time
between ingestion and egestion of sediment (gut
retention time), sediments from the study site were col-
lected, dried and then stained with Alizarin Red. The
organic content of stained sediments was enriched
with aquaculture feed and placed in the sun for 5 d to
encourage algal growth. The coloured sediments were
then returned to the study site and transferred to the
zone immediately in front of Holothuria whitmaei
specimens using a 2 l plastic bottle, modified to deliver
controlled portions of sediment. Indicator sediments
were offered to each specimen typically between 17:00
and 18:00 h. The length of time between initial appli-
cation (as distinct from ingestion) of the indicator sedi-
ment and the emergence of ‘red coloured’ faecal mate-
rial was subsequently determined.

Bioturbation. The mean dry weights (g) of faecal
material collected in each of the study periods were
pooled and averaged to obtain an overall rate (g d–1) of
bioturbated sediment. The resulting value was sub-
sequently multiplied by 365 to estimate the volume
produced per individual per year (g ind.–1 yr–1). Extra-
polative calculations were then conducted to conserv-
atively estimate the volume of sediment processed
annually and the volume of sediment processed at dif-
ferent population densities.

To estimate the extent of bioturbation by Holothuria
whitmaei, the mean volume of sediment egested over
a 24 h period was divided by the weight of sediment
contained within a 1 cm × 1 cm × 0.5 mm cube (equiv-
alent to the approximate depth of sediment ingested
by holothurians). The resulting average weight of the
sediment (n = 30) was subsequently scaled up to repre-
sent the total surface area covered by an individual
over the course of a single year (ind. yr–1) and the total
surface area covered over the same time period at dif-
ferent population densities. The resulting sediment
volumes were subsequently multiplied by 0.5 to
account for the notion that approximately 50% of the
coral reef habitat consists of sand; remaining habitats
typically comprise hard, non-bioturbatable substrates,
including live coral and coral rubble (as described by
Rasheed et al. 2002).

To complement the data on the volume of sediment
bioturbated, the total surface area of sediment in con-
tact with the ventral foot of Holothuria whitmaei was
also determined. This was calculated by multiplying
the average daily rate of activity (cm d–1) by the aver-
age breadth of the sea cucumber’s ventral surface
(11.92 cm, based on n = 30 haphazard measurements)
(following Uthicke 2001a).

Statistical analyses. Global Moran’s I (Moran 1950,
Cliff & Ord 1981) test was used to determine whether
the pattern of sea cucumber distribution was aggre-
gated, dispersed or random. The test is based on a

randomization null hypothesis computation. Upon
detection of a statistically significant result (α = 0.05),
a positive Moran’s I index value indicates tendency
toward clustering (aggregation), while a negative
Moran’s I index value indicates tendency toward dis-
persion.

To determine differences in patterns of activity and
egestion between months, statistical analyses were
conducted with data from each of the 4 diurnal moni-
toring increments, namely, EM, MD, LA and N. All
observations in the months January 2002, April 2002
and August 2003 used a different set of individuals,
and hence each of the observations were independent.
However, in situations where 2 studies were con-
ducted in the same month of the same year (i.e. in
August 2002, January 2003 and April 2003) rates of
activity and sediment egestion data for each of the ani-
mals were paired and averaged. This was necessary to
(1) achieve a symmetrical design (i.e. month [fixed fac-
tor with 3 levels] and year [random factor with 2 lev-
els]) and (2) ensure that each of the months contained
independent observations, both desirable prerequi-
sites for ANOVA procedures. For this analysis, month
was considered to be a fixed factor to account for the
fact that January, April and August represented fixed
phases of the reproductive cycle (Shiell & Uthicke
2006).

Rates of activity (cm h–1) and sediment egestion
(g h–1) obtained over the 5 d study period for each of
the animals (n = 18 to 30) were averaged and √⎯

x + 0.5
transformed (Fowler et al. 1998). The effect of time of
day (T), month (M) and year (Y) on rates of activity and
sediment egestion was subsequently assessed with
separate 3-way ANOVA procedures. In both exam-
ples, T was treated as a repeated measures variable
with 4 levels (EM, MD, LA and N), M as a fixed factor
with 3 levels (January, April and August) and Y as a
random factor with 2 levels (2002 and 2003). An addi-
tional ANOVA was performed to determine the effect
of M and Y on √⎯

x + 0.5 transformed LA rates of activity.
For this ANOVA, M and Y were treated as fixed and
random factors, respectively. LA rates of activity were
analysed separately given that the difference between
months was most pronounced at this time.

RESULTS

Density, distribution and aggregations

When plotted on the aerial photograph, the distribu-
tion of Holothuria whitmaei suggests a preference for
habitats situated in the outer reef lagoon, and particu-
larly at the edge of the reef lagoon adjacent to large
expanses of sand (Fig. 1). The apparent preference for
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habitats at the edge of the reef lagoon was most pro-
nounced at GBB and southern Glass Bottom Boat
(SGBB), where individuals tended to aggregate in
large numbers (Fig. 1, insets B & C). Relatively large
numbers of H. whitmaei were observed on the outer
reef lagoon to the east of Lotty’s Lagoon (Fig. 1, inset
D), and adjacent to Point Maud (Fig. 1, inset A).
Several specimens were also surveyed within the mid-
reef lagoon (<6 m depth), where individuals were
observed intermittently on patches of sand among
coral heads. No individuals were observed within
500 m of the shoreline, nor were they observed upon
large expanses of open sand, or sand characterised by
‘ripple marks’.

Significant aggregations (n = 124, Moran’s I = 0.039,
normality Z = 2.973, p = 0.01) were observed at 3 loca-
tions: the outer reef lagoon at Lotty’s Lagoon, Point
Maud and at GBB/SGBB (Fig. 1). Aggregations are
depicted in Fig. 1 as yellow-shaded ellipses. Aggrega-
tions at GBB/SGBB occurred particularly on the lead-
ing edge of the outer reef lagoon (Fig. 1, insets B & C)
(Hearn et al. 1986, Sanderson 1996). These habitats lie
perpendicular to prevailing water currents, which typ-
ically move in a northerly direction. Aggregations at
Point Maud and Lotty’s Lagoon, although not obvi-
ously centred upon the leading edges of the reef
lagoon, were positioned in areas characterised by
strong water movement (G. Shiell pers. obs.).

Density estimates based on stratified manta tow sur-
veys were relatively consistent but lacked precision.
Densities (±1 SD) were estimated at 19.3 (±20), 27.1
(±17) and 25.9 (±35) ind. ha–1 at Lotty’s Lagoon, GBB
and Point Maud, respectively. These estimates con-
trasted with those obtained after blanket manta tows,
particularly in aggregations. Within aggregations,
lower and upper densities were estimated at 30.0 to
45.1 ind. ha–1 and 69.6 to 104.4 ind. ha–1 at Lotty’s
Lagoon and GBB, respectively, and 52.3 to 78.5 ind.
ha–1 and 82.3 to 123.5 ind. ha–1 at SGBB and Point
Maud, respectively (note: Lotty’s Lagoon was used
previously in a reproductive study involving the
removal of ~200 specimens; hence, the naturally occur-
ring density in this area may have been significantly
greater).

Broadening the area to include the entire population
surveyed (including the outliers positioned at some
distance from major aggregations), lower and upper
densities of Holothuria whitmaei were estimated at
11.4 to 17.1 ind. ha–1, respectively. Hence, although
distributed primarily on the outer reef lagoon, the dis-
tribution H. whitmaei was significantly heterogeneous,
ranging from sporadic aggregations containing more
than 100 ind. ha–1 (Lotty’s Lagoon, GBB, SGBB and
Point Maud) to relatively sparse patterns of distribution
containing 11.4 to 17.1 ind. ha–1.

Rates of activity

Rates of activity increased sharply from very low
rates of activity in the morning (1.8 to  3.7 cm h–1) to
significantly higher rates of activity in the afternoon
(13.0 to 31.6 cm h–1) (Fig. 2, Table 1). Night-time rates
of activity (8.2 to 15.1 cm h–1), although measured with
lower resolution (i.e. 12 to 14 h for N versus 2 to 4 h
increments for EM, MD and LA), were higher than EM
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Sources of variation df MS F p

(a) Diurnal and seasonal activity
Within subjects effects
T 3 7295.5 181.7 <0.01
T × Y 3 46.9 1.1 0.321
T × M 6 777.9 19.3 <0.01
T × Y × M 6 143.3 3.5 0.002
Error 435 40.1
Between subjects factors
Y 1 194.8 1.9 0.16
M 2 2961.5 30.3 <0.001
Y × M 2 296.7 3.0 0.051
Error 145 97.6

(b) Late afternoon activity
Between subjects effects
Y 1 0.1 0.003 0.962
M 2 4113.0 78.3 <0.05
Y × M 2 52.5 0.41 0.662
Error 146 126.8

Table 1. Holothuria whitmaei. Results of (a) 3-way ANOVA
analysing the effect of time of day (T) (repeated measures fac-
tor with 4 levels), year (Y) (between subjects random factor
with 2 levels) and month (M) (between subjects fixed factor
with 3 levels) on rates of activity in H. whitmaei, and (b) the 2-
way ANOVA analysing the effect of Y and M on untrans-
formed late afternoon rates of activity. Y and M were treated 

as random and fixed factors, respectively

Fig. 2. Holothuria whitmaei. Rates of activity (±1 SE) mea-
sured in January, April and August between 2002 and 2003,

near Lotty’s Lagoon, Ningaloo Reef, Western Australia
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and MD rates of activity, but lower than LA rates of
activity (Fig. 2). Rates of activity also differed between
months (Table 1), with LA rates of activity being higher
in April than in January and August. A 2-way ANOVA
testing the effect of month (M) and year (Y) on LA rates
of activity, found that LA rates of activity were signifi-
cantly higher in April than in all other months (Fig. 2),
and that this difference was maintained irrespective of
year (as indicated by the nonsignificant interaction
term M × Y) (Table 1). Although most pronounced in
the LA, differences between April and other months
were also apparent in other time increments, most
noticeably in the MD time increment (Fig. 2).

Rates of sediment egestion

On 3 of 6 occasions (January 2002, April 2003, and
August 2003), rates of sediment egestion followed a
consistent pattern: an EM peak followed by a MD
decrease, followed by a LA increase followed again by
a N decline (Fig. 3). Contrasting patterns were appar-
ent in August 2002 and April 2002, when rates of eges-
tion peaked in the MD and LA time intervals, respec-
tively. Temporal variation in sediment egestion was
most pronounced in April and August 2003, when rates
of sediment egestion were elevated in the EM relative
to the MD time increment (Fig. 3). On both occasions,
lower rates of sediment egestion around midday were
followed by an increase in the rate of sediment eges-
tion in the LA. A similar pattern of diurnal sediment
egestion was observed in January 2003 (Fig. 3);
though, on this occasion, the magnitude of the diurnal
variation was less than that observed in other months
of the same year (2003).

The 3-way ANOVA testing the effect of Y and M on
rates of sediment egestion revealed that both factors
were important in determining the amount of sedi-
ment egested. Specifically, factors Y and M (including
the between-factors interaction term Y × M) were
highly significant (Table 2). On an annual scale, rates
of egestion were higher in 2003 relative to 2002. Sea-
sonal trends, in contrast, were more difficult to estab-
lish. The mean values presented in Fig. 3 indicate
highly variable results, with little to suggest that rates
of sediment egestion increase at certain times of the
year.

Relationship between activity and sediment egestion

The regression between total volume of sediment
egested and the total distance travelled (over a 24 h
period) in the months January, April and August was
significant (Table 3). Monthly trends, depicted in
Fig. 4, were particularly strong in August (r2 = 0.57) rel-
ative to April and January (r2 = 0.32 and r2 = 0.13,
respectively). These data suggest that, while the
amount of sediment produced was positively corre-
lated to the distance travelled, the relationship is not
absolute given that between 43 and 87% of the rela-
tionship between these factors was explained by other
variables.

Sediment retention time

The period of time between ingestion of indicator
sediments and subsequent defecation was difficult to
determine accurately. This was because the stained
portion of ingested sediment typically emerged before
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Fig. 3. Holothuria whitmaei. Diurnal rates of sediment eges-
tion (±1 SE) measured in January, April and August over a
2 yr period (2002 and 2003), near Lotty’s Lagoon, Ningaloo

Reef, Western Australia

Sources of variation df MS F p

Within subjects effects
T 3 184.9 22.5 >0.001
T × Y 3 9.0 1.0 0.35
T × M 6 24.9 3.0 0.007
T × Y × M 3 35.72 4.3 0.005
Error 240 8.2

Between subjects factors
Y 1 830.9 49.0 >0.001
M 2 35.1 2.0 0.013
Y × M 1 18.3 1.0 0.301
Error 80 16.9

Table 2. Holothuria whitmaei. Results of 3-way ANOVA
analysing the effect of time of day (T) (repeated measures
factor with 4 levels), year (Y) (between subjects factor with 2
levels) and month (M) (between subjects factor with 3 levels)

on rates of sediment egestion in H. whitmaei
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the beginning of the EM monitoring period. However,
on 4 of 20 occasions when indicator sediments were
offered, a coloured ‘plug’ of indicator sediment was
observed in the faeces during the MD monitoring
period, about 16 to 17 h following initial ingestion.
Most individuals, however, required less time (<14 h)
to egest the indicator sediment.

Bioturbation

Rates of sediment bioturbation differed markedly
between years and months (Table 4). Data presented
in Table 4 consist of mean estimates of bioturbation (as
rates) and an estimate of the actual surface area pro-
cessed at population densities encountered near Coral
Bay. Greater volumes of marine sediments (g ind.–1 d–1)
were processed on average in 2003 relative to 2002.
Similarly, large variation was apparent between
months, with the greatest average (g ind.–1 d–1 ±1 SD)
volumes processed in August 2003 (170 ± 64) followed
in descending order by April 2003 (144 ± 59), August
2002 (136 ± 60), January 2003 (121 ± 38), January 2002
(82 ± 44) and April 2002 (80 ± 46).

When averaged across each of the study periods
(January, April and August), the daily bioturbation
contribution of Holothuria whitmaei measured as the
rate of sediment ingested was 122 ± 52 g ind.–1 d–1

(Table 4), equivalent to 44 ± 19 kg of sediment per indi-
vidual per annum. At the population level, the total
volume of sediment bioturbated per annum was calcu-
lated conservatively to range between 762 ± 322 kg
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Month n df MS F p r2

January
Regression 66 1 606658 9.55 <0.01 0.13
Residual 64 63482.1
Total 65

April
Regression 65 1 2872150 29.9 <0.001 0.32
Residual 63 95910
Total 64

August
Regression 45 1 1737145 56.4 <0.001 0.57
Residual 43 30802
Total 44

All data
Regression 176 1 7228597 74.6 <0.001 0.3
Residual 174 96898
Total 175

Table 3. Holothuria whitmaei. Results of Type II regression
analyses of average total distance travelled versus total daily
faecal production. Results are presented for the January, April,

August data (pooled across years) and all data combined
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Fig. 4. Holothuria whitmaei. Scatter plots and regression
coefficient of determination values (r2) for average total dis-
tance travelled versus average total daily sediment egestion

Study Daily SD Annual SD
period amount amount

Mean sediment turnover per individual (kg)
Jan 2002 0.082 0.044 29.89 16.03
Apr 2002 0.080 0.046 29.17 16.91
Aug 2002 0.136 0.060 49.49 22.08
Jan 2003 0.121 0.038 44.13 13.84
Apr 2003 0.144 0.059 52.66 21.46
Aug 2003 0.170 0.064 62.11 23.39
Mean 0.122 0.052 44.57 18.95

Mean sediment area ingested to 5 mm (m2 ind.–1)
Jan 2002 0.013 0.007 4.73 2.54
Apr 2002 0.013 0.007 4.62 2.68
Aug 2002 0.021 0.010 7.84 3.50
Jan 2003 0.019 0.006 6.99 2.19
Apr 2003 0.023 0.009 8.34 3.40
Aug 2003 0.027 0.010 9.84 3.70
Mean 0.019 0.008 7.06 3.00

Mean % total surface area bioturbated per hectare (% ha–1)
Jan 2002 0.0003 0.0001 0.095 0.051
April 2002 0.0003 0.0001 0.092 0.054
Aug 2002 0.0004 0.0002 0.157 0.070
Jan 2003 0.0004 0.0001 0.140 0.044
Apr 2003 0.0005 0.0002 0.167 0.068
Aug 2003 0.0005 0.0002 0.197 0.074
Mean 0.0004 0.0002 0.141 0.060

Table 4. Holothuria whitmaei. Calculated rates of sediment
ingestion and the area of sediment bioturbated to a depth of
5 mm (the approximate depth of sediment ingested by deposit
feeding holothurians). The area of sediment ingested to a
depth of 5mm is also provided as a percentage (%) of the total
available sediment surface area. n = 18 for January and April 

2002; otherwise n = 30
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based on average densities (17.1 ind. ha–1), and 4457 ±
1896 kg based on higher densities (≥100 ind. ha–1),
such as those found in aggregations.

The total average daily volume of sediment biotur-
bated by individual Holothuria whitmaei (122 ± 52 g
ind.–1 d–1) is equivalent to the ingestion of approxi-
mately 96 cm3, or 193 cm2 (0.019 m2) of coral reef sedi-
ment to a depth of 5 mm (Table 4). Mean ingestion of
sediment area per annum over the range of densities
measured at Coral Bay, i.e. 17.1 to ≥100 ind. ha–1,
ranged between 120 ± 51 m2 (0.012 ha) and 705 ±
300 m2 (0.070 ha), respectively. Hence, the total vol-
ume of sediment processed, while taking into account
the range of densities encountered, is 2.0 to 14% of the
total available sediment in a 1 ha area per annum.

The total distance travelled by Holothuria whitmaei
over a 24 h period differed markedly between months,
with distances being greater in April relative to Janu-
ary and August. The data presented in Table 5 consists
of distance and surface area values for January, April
and August (2002 and 2003 studies inclusive), and
average values derived by pooling the monthly data.
The mean distance travelled varied significantly, rang-
ing between 159 to 437 cm d–1 in January 2002 and
April 2003, respectively. These values are conserva-
tively equivalent to total distances of 580 m yr–1 and
1596 m yr–1, respectively (Table 5). Multiplication of
the total distance travelled by the diameter of the triv-
ium yielded an estimate of the sediment area in contact
with the base of the sea cucumber (Table 5). A single
H. whitmaei specimen contacts ~0.30 m2 of sediment
per day, or 113 m2 of sediment per annum. At high
densities, such as within aggregations (>100 ind. ha–1),
the total area of sediment contacted was estimated
conservatively as approximately 2 times the total avail-
able coral reef sediment per hectare per annum (based
on the assumption that sediment accounts for ~50% of
the coral reef habitat area as described by Rasheed et
al. 2002).

DISCUSSION

Density, distribution and aggregation

The present study used a number of methods to mea-
sure the density and distribution of sea cucumbers con-
sisting of stratified manta tows, blanket manta tows
and GIS to estimate densities within aggregations. At
Coral Bay, Ningaloo, individuals of Holothuria whit-
maei were distributed upon the outer reef lagoon, thus
comparing broadly with the findings of previous stud-
ies (Conand 1985, 1990, 1993, Massin & Doumen 1986,
Uthicke & Benzie 2000a). However, the distribution
(and therefore density) of individuals was not uniform.
Rather, density estimates were influenced heavily by
the presence of species aggregates; specifically, indi-
viduals were preferentially located in habitats exposed
to prevailing water movement, which at Coral Bay
flows predominantly northward along the inner reef
crest (Hearn et al. 1986, Sanderson 1996).

Densities of 19.3 to 27.1 ind. ha–1 reported here
based on stratified manta tows compare well with esti-
mates from reefs protected from fishing on the GBR
(Uthicke & Benzie 2000a, Byrne et al. 2004). However,
these values are many times lower than the densities
obtained in aggregations at sites GBB, SGBB and Point
Maud (upper estimates of 78.5 to 123.5 ind. ha–1). Den-
sities of Holothuria whitmaei greater than 100 ind. ha–1

are not unprecedented, but are seldom reported for
adult specimens. Densities of 100 ind. ha–1 and 275 ind.
ha–1 were reported on reefs of Papua New Guinea
(Lokani 1990) and New Caledonia (Conand 1989), re-
spectively, and more recently densities of ca. 120 ind.
ha–1 were measured on Raine Island, GBR (Byrne et al.
2004); though, in the latter examples, specimens were
distinctly smaller and located within sea grass habitats.
At Coral Bay, densities within aggregations were 7.2
times greater than those obtained over the full range of
distribution (based on an upper estimate of 17.1 ind.
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Study period Mean distance travelled  Surface area contacted Surface area contacted
per individual (n = 18–30) at 17.1 ind. ha–1 at ≥100 ind. ha–1

Daily Annual Daily Annual Daily Annual
(m d–1) (total m) (m2) (m2) (m2) (m2)

Jan 2002 1.59 ± 1.89 580.7 ± 690.2 3.24 ± 3.8 1183.8 ± 1407.0 18.96 ± 22.5 6922.9 ± 8228.2
Apr 2002 2.81 ± 1.72 1027.5 ± 628.9 5.73 ± 3.5 2094.4 ± 1282.0 33.55 ± 20.5 12248.3 ± 7497.2
Aug 2002 2.40 ± 1.62 893.5 ± 593.9 4.90 ± 3.3 1821.2 ± 1210.6 29.18 ± 19.3 10650.7 ± 7079.6
Jan 2003 2.12 ± 1.27 774.3 ± 465.1 4.32 ± 2.5 1578.4 ± 948.1 25.28 ± 15.1 9230.6 ± 5544.6
Apr 2003 4.37 ± 1.39 1596.0 ± 508.9 8.91 ± 2.8 3253.3 ± 1037.4 52.12 ± 16.6 19025.1 ± 6066.7
Aug 2003 2.23 ± 1.33 817.3 ± 487.9 4.56 ± 2.7 1665.9 ± 994.5 26.69 ± 15.9 9742.3 ± 5816.1
Mean 2.59 ± 1.54 948.2 ± 562.5 5.29 ± 3.14 1932.8 ± 1146.6 30.98 ± 18.3 11303.3 ± 6705

Table 5. Holothuria whitmaei. Mean daily (m d–1 ± SD) and annual (total m ± SD) distance travelled by individuals and area of
sediment surface area contacted (m2 ± SD) by the trivium (foot) of individuals at 2 defined densities and at different times during 

2002 and 2003. n = 18 for January and April 2002; otherwise n = 30
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ha–1 following blanket manta tows) and 4.5 to 6.3 times
greater than those obtained using stratified manta
tows (19.3 to 27.1 ind. ha–1).

Design of appropriate census methods requires care-
ful consideration of the biology of the target species,
including knowledge of species boundaries, diurnal
and/or cryptic behaviour and the tendency to form
aggregations (Andrew & Mapstone 1987, Graham &
Battaglene 2004, Shiell & Knott 2008). We have
demonstrated that even careful placement of transects
(based on a priori knowledge of habitat preferences)
may considerably underestimate or overestimate pop-
ulation densities. This may be exacerbated particularly
when individuals of a species have a tendency to
aggregate, as we have shown here (see also Andrew &
Mapstone 1987). Andrew & Mapstone (1987) suggest
that the smallest unit area included in a density survey
should, where feasible, be larger than the average
spacing among aggregations. At Coral Bay, the dis-
tance between aggregation centroids varied consider-
ably (0.9 km between GBB and SGBB and 3.1 km
between GBB and Point Maud), suggesting that infor-
mation compiled from a much larger area than is
included here would be required to determine an
appropriate sampling unit for this species. Never-
theless, estimates of between 11.4 to 17.1 ind. ha–1, cal-
culated by including only habitats occupied by Holo-
thuria whitmaei (considered a reasonable estimate of
the species’ boundary), may represent minimum nat-
ural population densities for this species on Ningaloo
Reef, Western Australia.

Aggregation among holothurians is a phenomenon
typically associated with reproduction. Mercier et al.
(2000) noted increasing prevalence of pairs, trios or
larger groups of Holothuria scabra just before the full
moon (a cue known to precede spawning in some
holothurians, Babcock et al. 1986) and aggregation
among deep-sea holothurians has been attributed to
synchronised reproductive events and food availability
(Gutt & Piepenburg 1991). Tyler et al. (1992) proposed
that spawning among pairs or trios of deep-sea
holothurians is driven by conspecific rather than sea-
sonal cues, and that simultaneous gonad development
and spawning increases the probability of fertilisation
(see also Levitan & Young 1995). We contend that the
aggregations observed at Ningaloo may represent an
adaptation for improving reproductive success, which
may otherwise be impeded where individuals are
separated by large distances (see also the Allee effect
in Levitan & Petersen 1995). Research is warranted to
determine the significance of these aggregations,
which could reasonably be expected to achieve higher
rates of larval fertilisation and contribute dispro-
portionately large numbers of seed to surrounding
reefs.

Temporal behaviour: rates of activity and 
sediment egestion

When measured along the length of the faecal trail,
the total distance travelled yielded values at least twice
those obtained from measuring the straight line dis-
tance alone. Hence, comparison of the data presented
here with distances travelled along a straight line
(Parker 1921, Yamanouti 1939, Hammond 1982,
Uthicke 2001a), both by linear displacement over time
(Graham & Battaglene 2004) and by calculation based
on polar co-ordinates (Da Silva et al. 1986), is possible
only with appropriate adjustment. Arbitrarily halving
the overall minimum and maximum daily rates of ac-
tivity obtained in the present study yields values of 3.3
to 9.1 cm h–1, values slightly lower than those reported
in other large aspidochirotes (Parker 1921, Yamanouti
1939, Hammond 1982, Da Silva et al. 1986, Uthicke
2001a). However, higher values are derived by halving
the late afternoon rates of activity: 6.5 and 15.8 cm h–1

for rates in January 2002 and April 2003, respectively.
Diurnal rates of activity were found to increase

between EM (07:30 to 10:30 h) and LA (15:30 to
18:30 h). Increasing activity between EM to LA is com-
mon in large aspidochirotes, having been described in
Holothuria mexicana, Isostichopus badionotus, Sticho-
pus chloronotus and Actinopyga mauritiana (Ham-
mond 1982, Uthicke 1994, Graham & Battaglene 2004).
EM periods of reduced activity have also been linked
with periods of corresponding cryptic behaviour,
whereby individual animals tended to remain hidden
beneath coral (Shiell & Knott 2008).

Superimposed on this diurnal pattern was a seasonal
pattern, with significantly increased daily activity in
April compared with January and August. This trend,
detected in 2002 and 2003, coincided with the annual
peak in water temperature and the annual gonadal
index (Shiell & Uthicke 2006). The significant temporal
pattern of increasing activity in April, relative to Janu-
ary and August is, to our knowledge, the first to be
described in tropical aspidochirotes. Knowledge of fac-
tors influencing seasonal activity among holothurians,
without considering the presumed concurrent process
of feeding, is scarce and typically reported in terms of
migratory behaviour. Movement or migration of aspi-
dochirote sea cucumbers is reported in response to
water currents (Gutt & Piepenburg 1991), sensitivity to
water temperature (Mercier et al. 2000) and, in coral
reef species, upon reaching sexual maturity (Reichen-
bach 1999). Environmental influences on activity,
when considered in the context of feeding, are more
common. However, efforts to find correlations between
rates of sediment egestion and environmental vari-
ables in the present study were met with limited
success.
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Rates of sediment egestion were observed to peak in
the early morning period, ~15 to 16 h following the late
afternoon peak in activity, on 3 of 6 sampling occa-
sions. Increased rates of sediment egestion following a
similar time lag (between peak rates of activity and
defecation) are reported in Holothuria mexicana and
Isostichopus badionotus (Hammond 1982). In the pre-
sent study, the length of time between the initial inges-
tion of sediment and final defecation was ~14 to 17 h,
approximately the length of time between the late
afternoon period of heightened activity and the morn-
ing period of increased defecation. Higher rates of
defecation ~17 h after the late afternoon peak in activ-
ity may represent a conservative estimate of the time
lag between periods of enhanced feeding, nighttime
digestive processes and subsequent defecation in H.
whitmaei.

In the present study, the annual contribution of
Holothuria whitmaei to bioturbation was found to be
minimal in comparison to that of other tropical aspi-
dochirotes. For example, under typical densities, H.
atra and Stichopus chloronotus, two of the most abun-
dant tropical holothurians of the Indo-Pacific, process
at least 100% of the upper 5 mm of coral reef sedi-
ments per annum (Uthicke 1999). In marked contrast,
H. whitmaei, even at very high densities (>100 ind.
ha–1) was predicted to process only 14.1% of the avail-
able sediment, on average. This estimate reduces fur-
ther to approximately 2 to 3% when extrapolated
based on densities obtained (1) over the full range of
distribution (17.1 ind. ha–1) and (2) by the average of
stratified manta tows (23 ind. ha–1). Nonetheless, the
large area of sediment contacted by H. whitmaei
(approximately twice the available sediment area per
hectare per annum) may have significant benefits for
coral reef ecosystems. Uthicke (2001a,b), for example,
showed that the slow movement of holothurians serves
to (1) maximise the period of contact between the ani-
mals and the sediment and (2) subject small patches of
sediment to repeated doses of inorganic nutrients.
Hence, despite the relatively small contribution of H.
whitmaei to bioturbation, through its activity, H. whit-
maei may play a significant role in facilitating the recy-
cling of nutrients at the sediment–water interface,
thereby contributing to the overall health of habitats
occupied by this species.
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