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Abstract The population ecology of the sand dollar
Sculpsitechinus auritus was studied in shallow coastal habitats
of the Gulf of Suez, Egypt, from January 2013 to October 2014.
Bimonthly sampling revealed that 95 % of the individuals had a
width of 100-145 mm and that juveniles were absent throughout
the sampling period. The mean gonadosomatic index (GSI)
reached peaks of >2 % in September 2013 and August 2014,
which concurred with seasonal highs of water temperature.
Declining GSI values indicated that spawning took place be-
tween October and January. Histological examination of the go-
nads confirmed that spawning started in October. Locomotion
rate was 88.7 mm h™' in September, which was significantly
higher than 56.3 mm h™' in December. Similarly, water temper-
ature was significantly higher in September (26 °C) than in
December (17 °C), most probably explaining locomotion differ-
ences. Organic matter and grain size fractions of the sediment
were not significantly different. Maximum density of 0.68 indi-
viduals m 2 was found at 4 m depth, whereas at other depths
densities were significantly lower (<0.05 individuals m 2). The
epibiotic brittle star Ophiodaphne scripta was found on >67 % of
the sand dollars and its frequency was significantly higher (>1.5
per host) between September and November coinciding with the
onset of S. auritus’s spawning period.
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Introduction

The sand dollar Sculpsitechinus auritus (Leske 1778) is an
echinoid (Echinodermata: Echinoidea: Clypeasteroida) be-
longing to the infauna of coastal areas in the Red Sea, the
Indian Ocean, and the western Indo-Pacific (Schultz 2010),
where it plays an important ecological role by permanently
mixing the upper layer of the sediment. Sculpsitechinus
auritus is one of the largest sand dollar species reaching a
maximum diameter of 183 mm (Schultz 2010). It inhabits
relatively shallow habitats at 1-5 m depth (Schultz 2010),
but has been recorded up to 50 m (Rowe and Gates 1995).
Individuals of S. auritus are generally found at densities less
than 1 individual m 2, but a maximum density of up to 3
individuals m ? has been reported (Nebelsick 1999).
Individuals bury themselves 1-2 cm into the sediment in hab-
itats dominated by poorly sorted, fine sands (Piller and
Mansour 1990). Locomotion forms an important component
of this species’ ecology, because, being deposit feeder, it must
continuously move to separate organic matter from the sedi-
ment. The locomotive ability has been studied for several
echinoderms (Mueller et al. 2011), including sand dollars
(Yeo et al. 2013). Locomotion of S. auritus, however, has
never been studied and it is unknown to what extend environ-
mental parameters, such as organic matter content of the sed-
iment and water temperature, affect this ability. Furthermore,
density dependent effects on food availability may play a role
in locomotion and distribution.

Reproduction of the closely related sand dollar Echinodiscus
bisperforatus Leske 1778 was studied in coastal habitats of South
Africa revealing that this species has an annual reproductive
cycle with a single spawning season in December and January,
which coincides with increasing water temperatures (Bentley
1998). Other sand dollars have been reported to reproduce bian-
nually (e.g. Olivares-Baifuelos et al. 2012), whereas some
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echinoids may even follow the lunar cycle (e.g. Pearse 1968;
Pearse et al. 1988; Coppard and Campbell 2005). The reproduc-
tive cycle of S. auritus has never been studied, and it is unknown
what cycle it follows.

Symbiotic relationships in which echinoderm representatives
are host are numerous, but these mostly involve epibionts of
other phyla (e.g. Seilacher 1979). The brittle star Ophiodaphne
scripta Koehler (1904) is a small epibiont with a maximum disk
diameter of 4 mm known to be hosted by individuals of the sand
dollars S. auritus and E. bisperforatus (Parameswaram et al.
2013). Little is known about the ecological interactions between
the echinoid hosts and the brittle star.

The present study aimed at determining the reproductive
season of the sand dollar S. auritus by analyzing population
characteristics and gonad development over time. Moreover,
its locomotive ability in relation to sediment quality, food
availability, and water temperature, and its role as host for
the epibiont O. scripta were studied.

Materials and methods

The present study was conducted in the coastal waters of Ain
Sokhna, Gulf of Suez, Red Sea, Egypt (approximately
29.72°N and 32.40°E) between January 2013 and October
2014. During each field visit, water temperature was measured
at 1 m depth at 1 °C accuracy.

Individuals of Sculpsitechinus auritus were studied at ap-
proximately bimonthly intervals between January 2013 and
October 2014 to determine population size frequencies and
growth. This infaunal sand dollar is rarely seen uncovered,
but leaves conspicuous tracks in the sediment, like other in-
faunal echinoids (Lohrer et al. 2004), making them easily
located. During each field visit, at least 40 sand dollars were
collected during low tide at 0-3 m depth while snorkeling.
The width of each individual (maximum length perpendicular
to axis between mouth and anus) was measured with calipers
at 1-mm accuracy. While measuring, sand dollars were care-
fully searched for individuals of the brittle star Ophiodaphne
scripta. The total number of brittle stars per sand dollar host
was counted during all field visits except in January 2013.

Densities of S. auritus were studied in shallow coastal hab-
itats along a depth gradient (0.5, 2, 4, 6, and 8 m) perpendic-
ular to the shore on 21 March 2014. As the coast of Ain
Sokhna is characterized by an extremely gentle slope, subse-
quent depth localities were separated by about 300 m. At all
selected depths, five transects of 20 m?, each separated by 5 m,
were conducted parallel to the shore using SCUBA. Sand
dollars were searched for by following their tracks (see above)
and by carefully pulling a plastic shovel through the sediment
to possibly detect smaller individuals. Once detected, organ-
isms were uncovered, identified, and the width of the sand
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dollars was measured in situ. The density of other echinoid
species was additionally recorded.

Fifteen sand dollars with a width ranging from 100 to
140 mm were collected during each field visit for studying
seasonal gonad development. After collection, specimens
were stored in a freezer at —4 °C until further analysis. In the
laboratory, width of each specimen was measured (as ex-
plained above) and mass determined at 0.01 g accuracy.
Subsequently, gonads were removed under a dissecting mi-
croscope and separately weighed at an analytical balance with
an accuracy of 0.0001 g. The gonadosomatic index was cal-
culated using the following equation: Gonadosomatic Index
(GSI) = wet gonadal mass + wet body mass x 100 (Lane and
Lawrence 1979).

Histological examination of gonads was conducted to con-
firm seasonal changes of gonadal mass by verifying gonadal
development at a cellular level in May, August, and October
2014. During field visits in those months, fresh gonads of 10
individuals were immediately fixed in 4 % formaldehyde. In
the lab, each gonad was dehydrated through a series of graded
ethanol prior to being embedded in paraffin wax. Serial sec-
tions (10 um thick) obtained from the paraffin blocks were
mounted on glass slides. From each tissue block, two sections
(always sections 7 and 15) were stained with hematoxylin and
eosin (Byrne 1990). Stained gonadal sections were used to
assess gametogenesis under a microscope at 100x and 400x
magnification. Photographs were taken with a digital camera
(Leica EC3) mounted on a microscope (Leica DM100).

The locomotion of S. auritus individuals was studied in a
shallow (2—-4 m) sandy bay on 27 September and 21
December 2013 to determine the potential mobility in relation
to size of the individuals, sediment quality, food availability,
and water temperature. Locomotion was measured by putting
a thin labeled stick into the sediment just posterior to the rear
of the sand dollar without disturbing the organism. After a
time period of about 60 min, a second stick was put into the
sediment posterior to the organism’s rear. The elapsed time
was measured with a stopwatch in seconds and the distance
between the two sticks was measured with a ruler (I mm
accuracy). Two extremely curved tracks with a deflection of
>90° were removed from the dataset, because the actual trav-
elled distances could not be accurately measured.

Avolume of 1350 mm® of sediment was collected from the
upper 2 cm layer alongside each sand dollar track between the
labeled sticks used for locomotion measurements. After
collecting sediment, sand dollars were carefully removed
and their widths measured (as explained above). Water tem-
perature was measured at the bottom of each locality at 1 °C
accuracy. Sediment samples were stored in a freezer at —4 °C
before further analysis. Dry weight of the sediment was deter-
mined by drying the samples in an oven at 105 °C. Organic
matter was determined after combusting the sediment in a muffle
furnace at 450 °C. Grain size fractions were determined by
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putting the samples through four sieves with decreasing mesh
sizes (2, 0.2, 0.02, 0.002 mm). Each fraction was weighed on an
analytical balance at 0.0001 g accuracy.

Sand dollar width frequencies were presented in a 12-
month graph, because new cohorts were not observed during
the 22-month sampling period. A slight shift in timing of the
bimonthly sampling occurred, causing January and May to be
sampled in both years and no data to be collected in February,
April, and July.

One-way ANOVA was used to test for differences between
sand dollar width at varying depths, monthly GSI, and brittle
star frequency hosted by S. auritus. Homogeneity of variances
of the GSI (Levene’s Test: Lg 14, = 1.977; p = 0.046) was sig-
nificantly different between months. Therefore, square root
transformation was applied to meet the test assumptions
(Levene’s Test: Lg 14 =1.324; p=0.229). Data of brittle star
frequencies and sand dollar density were transformed by the
square root of X + 0.5 to correct for uninhabited sand dollars
and transects without sand dollars (zeros in the database). The
Tukey HSD test was used for post hoc analyses (a=0.05).

The non-parametric Mann—Whitney-U test was used for
testing differences between data representing sand dollar lo-
comotion rate, organic matter and grain size fractions of the
sediment, and water temperature, because these were not nor-
mally distributed and data transformations did not result in
homogeneity of variances. The relationship between sand dol-
lar width and wet body mass varied between months with a
mean GSI >1.5 % (reproductive period) and <1.5 % and width
and mass data were pooled into two groups. The correspond-
ing exponential relationships M = a x W®, with M = wet body
mass (g), W=width (cm), and a and b two constants, were
corroborated by curve fitting with SigmaPlot (Version 11).
One-way ANCOVA was used to test for a difference in slope.

Results

A total of 642 individuals of Sculpsitechinus auritus were
measured between January 2013 and October 2014 (Fig. 1).
The vast majority (95.0 %: n=610) had a width larger than
100 mm. The few individuals with a width smaller than
100 mm were neither found in a particular month nor in a
particular season. The smallest and largest individuals, with
a width of 78 and 145 mm, respectively, were both found in
May (Fig. 1). Population growth could not be determined due
to the absence of small individuals (<78 mm) and lack of
monthly size increments between successive observations.
Mean density of S. auritus was 0.68 individuals m= at 4 m
depth. Maximum density was 0.90 individuals m 2 in one tran-
sect at 4 m. At 0.5, 2, 6, and 8 m depth, S. auritus was found at
significantly lower densities (ANOVA: Fj4 0= 65.060,
p=0.000) with a maximum of 0.05 individuals m > at 6 m.
Sculpsitechinus auritus was completely absent at 0.5 m. The
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Fig. 1 Sculpsitechinus auritus. Bimonthly width frequency distributions
from January 2013 to October 2014. Data from 2013 and 2014 are
represented by a forward and backward diagonal patterns respectively.
No data available for February, April, and July

width of S. auritus individuals was not significantly different
between depths (ANOVA: F3 74 =1.153, p = 0.334) with a mean
width of 122.6 mm. Individuals of the sand dollars Echinodiscus
bisperforatus and Clypeaster humilis were observed in transects,
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but their densities were only high at depths where S. auritus was
uncommon. The echinoid Lovenia elongata was found in high
densities (as high as 220 individuals 100 m ?) at 4 m depth.

Mean GSI ranged from 0.8 to 2.6 % (Fig. 2) and was signif-
icantly different between months (ANOVA: Fy 14, =13.009;
p=0.000). Post hoc analysis revealed that the mean GSI was
always significantly higher when exceeding 1.5 % (Table 1)
compared to months when a lower mean GSI was found
(Fig. 2). The highest mean GSIs of 2.6 and 2.4 % were found
in September 2013 and August 2014, respectively, both occur-
ring when water temperature was high. The highest GSI value for
an individual sand dollar was 4.5 % observed in August 2014.
Mean GSI declined in November 2013 and October 2014, indi-
cating that spawning had started. In the first year, mean GSI was
relatively high until January 2014 suggesting that spawning was
still ongoing. Water temperature reached its peak at 26 °C in
September 2013 and 27 °C in August 2014 (Fig. 2). Lowest
water temperatures of 17-18 °C were found in December and
January in both years.

The relationship between sand dollar width and wet body
mass was significantly higher during months when mean GSI
was >1.5 % (ANCOVA: F| 149 =42.951; p =0.000) than during
months when the mean GSI was lower (Fig. 3). The exponential
function M = 0.0323 x W>9%* (7 =0.391, n =94) described the
width mass relationship for the reproductive period (mean GSI >
1.5 %), whereas M = 0.0393 x W>#2%3 ;2 =0.622, n=58)
described the width mass relationship for other months (Fig. 3).

Histological examination of gonads confirmed that game-
togenesis in S. auritus was in a terminal stage in October 2014
(Fig. 4). Spermatogenesis, based on the maturity of spermato-
z0a, their abundance and location, suggested that males were
ready for spawning in October (Fig. 4a—d). Primary spermato-
cytes and nutritive material filled the recovering testes in May
(Fig. 4a). Maturing spermatozoa populated the lumen of pre-
mature testes, while nutritive material was less abundant in
August (Fig. 4b). Maturing spermatozoa were produced and
released into the lumen by the spermatocyte columns (Fig. 4b)
that lined the germinal epithelium of the pre-mature testes.
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Fig. 2 Sculpsitechinus auritus. Mean Gonadosomatic Index (black dots)

with standard error and water temperature (°C) from January 2013 to

October 2014
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Mature spermatozoa were present in the lumen in October
(Fig. 4c and d).

Oogenesis, based on the amount of nutritive material and
the size of oocytes, indicated that the females gonads were
also ripe in October 2014 (Fig. 4e-h), occurring synchronical-
ly with spermatogenesis. The nutritive material was abundant
in the recovering ovary in May (Fig. 4e) and dispersed
throughout the premature ovary in August (Fig. 4f). The ma-
jority of gametes in the premature ovary were vitellogenic
oocytes while only few were previtollogenic. Mature oocytes
were mostly abundant in October (Fig. 4g and h) and nutritive
material was rarely observed in partially spawned ovaries.

Individual locomotion rates varied between 22.3 and
165.0 mm h™'. The mean locomotion rate of 88.7 mm h™' in
September was significantly higher than 56.3 mm h™' in
December 2013 (Table 2). Locomotion rate was not significantly
correlated to the width of the individuals (Linear regression:
= 0.14, n=25, p>0.05). However, the water temperature of
26 °C in September was significantly higher than 17 °C in
December (Table 2). The organic matter content of the sediment
of 1.38 % in September and 1.31 % in December were not
significantly different (Table 2). Ninety-three percent of the sed-
iment was dominated by grain sizes smaller than 0.02 mm, while
half of that fraction was smaller than 0.002 mm (Table 2). The
various grain size fractions were not significantly different be-
tween September and December 2013 (Table 2).

The number of S. auritus individuals hosting the brittle star
Ophiodaphne scripta varied between 31.5 and 76.7 %
(Table 3). However, only in September, October, and
November, at least 67 % of the sand dollars hosted brittle stars.
During other months the hosting percentage was lower
(Table 3). The mean number of brittle stars ranged from 0.38
to 2.63 individuals per sand dollar (Table 3). The mean num-
ber of brittle stars per host was significantly higher in October
(Tukey HSD, p<0.05) compared to all other months but
September and November. Furthermore, the mean number
of brittle stars per host was significantly higher in September
(Tukey HSD, p <0.05) than in January, March, May, and
June. The high percentage of hosting sand dollars and the high
number of brittle stars per host coincided with the onset of the
spawning period of S. auritus.

Discussion

Reproduction of S. auritus was confirmed to follow an annual
cycle, as observed in many other sand dollars (e.g. Bentley
1998) and echinoids (e.g. Gonor 1973). The GSI showed a
peak in gonad mass in August and September during two
consecutive years (Fig. 2). Furthermore, histological exami-
nation confirmed that both male and female gonads were ripe
in October (Fig. 4). Generally speaking, water temperature is
an important parameter regulating the reproductive cycle of
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Table 1 P-values resulting from

Tukey HSD post hoc comparison 2013 2014

of the monthly Gonadosomatic

Indexes of Sculpsitechinus Jan May Jun Sep Nov Jan Mar May Aug

auritus from January 2013 to

October 2014 May 2013 1.000 - - - — - — — —
Jun 1.000 0.995 - - - - - - -
Sep 0.000 0.000 0.000 - - - - - -
Nov 0.028 0.014 0.000 0.481 - - - - -
Jan 2014 0.033 0.017 0.000 0.390 1.000 - - - -
Mar 1.000 1.000 1.000 0.000 0.002 0.002 - - -
May 0.077 0.047 0.001 0.178 1.000 1.000 0.007 - -
Aug 0.000 0.000 0.000 1.000 0.814 0.733 0.000 0.445 -
Oct 0.003 0.001 0.000 0.854 1.000 0.998 0.000 0.969 0.990

Underlined p-values are <0.05

echinoderms (e.g. Bos et al. 2008; Pearse 1968). Moreover,
the closely related sand dollar Echinodiscus bisperforatus has
an annual spawning season in December and January coincid-
ing with high water temperatures (Bentley 1998). In the pres-
ent study, gonads of S. auritus developed with increasing wa-
ter temperatures (Fig. 2). Therefore, it seems plausible that
gametogenesis of S. auritus is mainly affected by seawater
temperature. Similarly, the gonad development of the sea ur-
chin Echinometra mathaei was triggered by increasing water
temperature and spawning occurred during late summer and
fall in the Gulf of Suez (Pearse 1969). Also, Bronstein and
Loya (2015) confirmed the water temperature to be the deter-
mining factor of the annual reproductive season of E. mathaei
in the northern Bay of Aqaba, northern Red Sea, with peak
spawning occurring in September and October. Moreover,
Pearse (1969) found that E. mathaei in southern waters of
the Gulf of Suez, where the water temperature difference be-
tween summer and winter was much smaller, did not repro-
duce during a well-defined season. Although other environ-
mental factors may play a role in the timing of reproduction of
echinoids, water temperature seems to be the major determin-
ing parameter.

Mean GSI of S. auritus was 2.6 % at its peak in September
2013 and a similar value was found in August 2014 (Fig. 2). In
other echinoderms much higher GSI values have been ob-
served at the onset of the spawning season (e.g. Bos et al.
2013), but those of sand dollars are generally lower. For ex-
ample, mean GSI of the sand dollar Dendraster excentricus
ranged from 2.0 to 6.5 % (Olivares-Baiiuelos et al. 2012).
Bentley (1998) reported GSI values of 1.5 to 6.0 % for
Echinodiscus bisperforatus. Even lower values were found
for the sand dollar Mellita quinquiesperforata with a mean
GSI of 0.3 to 1.6 % (Tavares and Borzone 2006). Despite
low values, Tavares and Borzone (2006) were able to detect
a peak season for females, but seasonality was unclear for
males. During the present study however, reproductive

seasonality of S. auritus was confirmed based on combined
data of male and female gonads.

The population of Sculpsitechinus auritus consisted exclu-
sively of adults, because the vast majority of individuals had
tests wider than 100 mm (Fig. 1). The absence of juveniles
throughout the study period of 22 months could be explained
by juveniles occupying a different habitat than adults. Habitat
changes during ontogenetic development have been observed
in other echinoderms, including sand dollars. For example,
Yeo et al. (2015) reported juveniles of the sand dollar
Peronella lesueuri to be very rare in a population in western
Australia. Although this sand dollar grows to a similar size as
S. auritus, the smallest individual found had a diameter of
5 ecm (Yeo et al. 2015). Bos et al. (2011) found a clear onto-
genetic separation of sea stars in shallow coastal waters in the
western Pacific with juveniles inhabiting relatively protected
habitats, such as mangrove prop roots and seagrasses, whereas
large adults were exclusively found on wave-exposed sand

100
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0 . . . . .
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Fig. 3 Sculpsitechinus auritus. Sand dollar width (cm) and wet body
mass (g) relationships for months during the reproductive period with
mean GSI >1.5 % (cross) and during the rest of the year (black dot)

@ Springer



Mar Biodiv (2018) 48:1213-1221

X

A
?

it
X4
Rk

i

Recovering testis mainly filled with nutritive phagocyte (NP) meshwork
and primary spermatocytes (PS =darkly stained cells at 100x
magnification). b August 2014. Premature testis with darkly stained
germinal epithelium (GE) wall lined with NP and many spermatozoa
(S) accumulating in lumen at 100x. ¢ October 2014. Partially spawned
testis characterized by mature sperm in lumen. Few NP at 100x. d
October 2014. Mature sperm occupied lumen of partially spawned testis
at 400x. e May 2014. Recovering ovary filled with NP meshwork and
few oocytes. Oocytes at previtellogenic stage (PO) and very few at early
vitellogenic stage (EV) at 100%. f August 2014. Premature ovary mainly
filled with vitellogenic oocytes (VO) and very few PO at 100x. g October
2014. Partially spawned ovary with VO and ripe ova at 100x. Void of NP.
h October 2014. Mature oocyte at 400x

banks. In the Gulf of Suez, mangroves are absent, but there are
some sparse seagrass meadows (pers. observation) where ju-
venile sand dollars could settle. Also, juveniles may settle in
deeper locations after their pelagic larval phase. However, the
option of juveniles migrating from deeper sediments to shal-
low shore habitats seems not plausible for the following rea-
sons: First, the study area has an extremely gentle slope sep-
arating habitats by long distances; second, densities of
S. auritus were significantly lower at 6 and 8 m than at 4 m
depth; third, sand dollars size did not vary significantly be-
tween different depths. The latter two observations, however,
were done in March 2014 and could be different in other
seasons. Alternatively, the studied population of S. auritus
may consist of very long lived adults while replenishment
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Table 2 Locomotion rate (mm h™') of Sculpsitechinus auritus, water
temperature (°C), and organic matter (%) and four grain size fractions (%)
of the sediment in September and December 2013 presented with
standard errors between brackets

September December p-value

Locomotion rate 88.7 (8.6) 56.3 (5.2) 0.011
Water temperature 26 (0.0) 17 (0.0) 0.000
Sediment

Organic matter 1.38 (0.05) 1.31 (0.01) 0.291

GF 0.2-2 mm 2.90 (0.30) 3.12(0.30) 0.645

GF 0.02-0.2 mm 3.42(0.18) 3.76 (0.30) 0.505

GF 0.002-0.02 mm 47.14 (6.80) 43.59 (5.64) 0.878

GF <0.002 mm 46.57 (6.55) 49.56 (5.64) 1.000

p-values result from Mann—Whitney-U comparison

may be at a very low annual rate or by rare events of unusually
high recruitment (Ebert 2008). However, we did not observe
small individuals nor test dead juveniles. Ecological knowl-
edge of juvenile echinoderms in general and of juveniles of
S. auritus in particular is needed to support profound decisions
in coastal management and should have a high priority in
future research.

Mean locomotion rate of S. auritus was significantly higher
in September (88.7 mm h™") than in December (56.3 mmh™}).
Also, water temperature was significantly different between
those months, whereas organic matter and grain fractions of
the sediment did not vary significantly. This suggests that the
water temperature is the factor that determines locomotion rate
of S. auritus. Similarly, the sand dollar Peronella lesueuri had
a mean movement rate of 53 mm h ™' in summer, which was
significantly higher than the mean rate of 27 mmh ™" in winter
(Yeo et al. 2013). The authors concluded that seasonal change
in water temperature and physiological requirements were the
most likely reason for the seasonal difference in locomotion.
The latter species has a similar size (maximum width of
150 mm) as S. auritus, but is suspension feeder and not de-
posit feeder. The difference in feeding strategy may explain
the higher locomotion rates found for S. auritus during the
present study.

Grain size and organic matter content of the sediment is
extremely important for a deposit feeder such as S. auritus,
because they determine the efficiency of feeding. During the
present study, these two parameters did not vary between
summer and winter. Moreover, individuals were found at the
exact same depth in the shallow habitats throughout the year,
suggesting that the composition of the sediment determines
the presence of this species. The sediment was relatively fine
with grain sizes of 45 % between 2 and 20 pum and 50 %
smaller than 2 pum. Preferred sediment grain size was deter-
mined for the sand dollar Mellita tenuis being relatively course
sediment particles of 250—499 um (Pomoroy et al. 1995).
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Table3  Percentage of Sculpsitechinus auritus individuals hosting the brittle star Ophiodaphne scripta (%) and mean number of brittle stars per host (+

standard error) between May 2013 and October 2014

2013 2014
May Jun Sep Mar May Aug Oct
Hosting sand dollars 59.6 31.5 76.7 50.9 43.8 522 74.6
Brittle stars per host 1.32 0.59 (0.14) 1.74 (0.27) 1.52 (0.28) 0.64 (0.11) 0.67 (0.14) 1.17 (0.22) 2.63 (0.36)
(0.15)

Also, Borzone et al. (1998) found a narrow depth distribution
of the sand dollar Mellita quinquiesperforata most probably
based on the portion of fine material in sandy sediments.
Varying grain size of sediments may thus be a determining
factor for niche segregation between sympatric sand dollar
species.

The sand dollars E. bisperforatus and S. auritus live in
sympatry throughout the Red Sea and Indian Ocean (Schultz
2010). They are both found in shallow coastal habitats with
the same depth distributions, but E. bisperforatus has a small-
er size and reaches its maximum width at 80 mm (Bentley and
Cockeroft 1995; Schultz 2010). Researchers have mostly re-
ported observing only one of the two species during their
studies in coastal habitats (Price 1981; Ong and Krishnan
1995; Raut et al. 2005). However, Nebelsick (1999) reported
the presence of both species at the same locality. During the
present study, two sand dollar species were found at varying
depths with finer (E. bisperforatus) and courser (Clypeaster
humilis) sediment compositions (pers. observation AR Bos).
Congregations of these sand dollars were found at other
depths than where S. auritus was abundant. An interesting
follow-up would be a comparative study to the preferred sed-
iment compositions of the deposit feeding sand dollars, in
particular the morphologically similar species S. auritus and
E. bisperforatus.

Sand dollar densities vary dramatically with species partly
depending on their feeding strategies. Density dependent ef-
fects may mainly occur in deposit feeders competing for the
same sediment, whereas filter feeders continuously receive
new organic material by the prevailing currents supporting
higher densities. Suspension feeders such as Dendraster
excentricus may reach extreme densities of 1300 individuals
m 2 (Merril and Hobson 1970), whereas deposit feeders such
as Mellita quinquiesperforata may reach a maximum density
of 500 individuals m 2 (Tavares and Borzone 1998) probably
consisting of mostly juveniles after successful recruitment.
The deposit feeder E. bisperforatus was reported to occur at
44 individuals m 2 (Ong and Krishnan 1995) and has a width
range of 60-80 mm, which is similar to that of the earlier two
species (Schultz 2010). This relatively high density may be
supported by the smaller size of E. bisperforatus than that of
S. auritus, which reached a maximum density of 0.9 individ-
uals m ™ in the present study.

At 4 m depth, the density of the deposit-feeding heart ur-
chin Lovenia elongata was almost 2 individual m 2 being
about three times higher than that of S. auritus. A cumulative
density for the two species resulted in a density of 2.5 indi-
viduals m 2, still being much lower than the reported densities
of 200 individual m™? for L. elongata (Ferber and Lawrence
1976). With a similar depth distribution, S. auritus and
L. elongata may compete for the same food source.
However, the different shapes of their tests suggest that
L. elongata feeds slightly deeper in the sediment than
S. auritus (Schultz 2010) allowing for niche segregation.

Echinoids have tests of fused calcium carbonate plates
which fossilize well (Schultz 2010). Therefore, echinoids
are, among echinoderms, the most abundant representatives
in the fossil record. High density assemblages of fossil sand
dollars in Egypt were considered to be the result of accumu-
lations induced by storms and winnowing (Kroh and
Nebelsick 2003). As a result of reproductive strategies, many
echinoderm populations have the ability to fluctuate highly
and appear in very high or low densities depending on pre-
dominant environmental conditions (Uthicke et al. 2009). It is,
therefore, important to understand density fluctuations of echi-
noderms in shallow coastal habitats and how these affect the
population ecology of other coastal inhabitants.

Conclusion

This study is a contribution to the knowledge on the reproduc-
tion and growth of sand dollars that are highly understudied
compared to other representatives of the Echinoidea. We pro-
vide new ecological information of S. auritus through obser-
vations on a population in the Bay of Suez, northern Red Sea,
Egypt. This sand dollar reproduces annually with its spawning
period from October to January, while the annual water tem-
perature regime determines the timing of gametogenesis.
During the spawning period, S. auritus is an attractive host
for the symbiotic brittlestar O. scripta. Highest densities of
S. auritus were found at 4 m depth suggesting that it is most
successful at this depth, possibly avoiding competition with
other echinoids. Water temperature also affects the locomotive
ability of S. auritus as individuals move faster during summer
than during winter. The relatively low locomotion rates (56—
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89 mm h ') allow efficient filter feeding, but do not support
long migrations. Therefore, the absence of juveniles in the
studied population forms an interesting topic for future re-
search on this species and other echinoids. Furthermore, con-
tinued research may focus on individual growth and age and
how recruitment takes place.

Acknowledgments We greatly acknowledge fieldwork contributions
and logistic support of S. Nitza, C. Soliman, and K. Kafafy. The identi-
fication of the brittle star Ophiodaphne scripta was confirmed by S. Stor
(Swedish Museum of Natural History) based on a photograph. Two anon-
ymous reviewers provided valuable suggestions for improving the man-
uscript. The present study was partially funded through a research grant of
the American University in Cairo. All applicable international, national,
and institutional guidelines for the care and use of animals were followed.

References

Bentley AC (1998) Reproductive cycle and gonadal histology of
Echinodiscus bisperforatus along the southern coast of South
Africa. In: Mooi R, Telford M (eds) Echinoderms. Proc 9th
Internat Echinoderm Conf. Balkema, Rotterdam, pp 571-576

Bentley AC, Cockcroft AC (1995) Sublittoral sand dollar (Echinodiscus
bisperforatus) communities in two bays on the South African coast.
S AfrJ Zool 30:5-18

Borzone CA, Tavares YAG, Barros FCR (1998) Beach morphodynamics
and distribution of Mellita quinquiesperforata (Leske, 1778) on
sandy beaches of southern Brazil. In: Mooi R, Telford M (eds)
Echinoderms. Proc 9th Internat Echinoderm Conf. Balkema,
Rotterdam, pp 581-586

Bos AR, Gumanao GS, Alipoyo JCE, Cardona LT (2008) Population
dynamics, reproduction and growth of the Indo-Pacific horned sea
star, Protoreaster nodosos (Echinodermata; Asteroidea). Mar Biol
156:55-63

Bos AR, Gumanao GS, van Katwijk MM, Mueller B, Saceda MM,
Tejada RP (2011) Ontogenetic habitat shift, population growth,
and burrowing behavior of the Indo-Pacific beach star, Archaster
typicus (Echinodermata; Asteroidea). Mar Biol 158:639—648

Bos AR, Gumanao GS, Mueller B, Saceda-Cardoza MM (2013)
Management of crown-of-thorns sea star (Acanthaster planci L.)
outbreaks: removal success depends on reef topography and timing
within the reproduction cycle. Ocean Coast Manag 71:116-122

Bronstein O, Loya Y (2015) Photoperiod, temperature, and food avail-
ability as drivers of the annual reproductive cycle of the sea urchin
Echinometra sp. from the Gulf of Aqaba (Red Sea). Coral Reefs 34:
275-289

Byrme M (1990) Annual reproductive cycles of commercial sea urchin
Paracentrotus lividus from an exposed intertidal and a sheltered
subtidal habitat on the west coasts of Ireland. Mar Biol 104:275-289

Coppard SE, Campbell AC (2005) Lunar periodicities of diademid echi-
noids breeding in Fiji. Coral Reefs 24:324-332

Ebert TA (2008) Longevity and lack of senescence in the red sea urchin
Strongylocentrotus franciscanus. Exp Gerontol 43:734-738

Ferber I, Lawrence JM (1976) Distribution, substratum preference and
burrowing behaviour of Lovenia elongata (Gray) (Echinoidea:
Spatangoida) in the Gulf of Elat (Aqaba), Red Sea. J] Exp Mar
Biol Ecol 22:207-225

Gonor JJ (1973) Reproductive cycles in Oregon populations of the echi-
noid, Strongylocentrotus purpuratus (Stimpson). 1. Annual gonad

@ Springer

growth and ovarian gametogenic cycle. J] Exp Mar Biol Ecol 12:
45-64

Kroh A, Nebelsick JH (2003) Echinoid assemblages as a tool for
palacoenvironmental reconstruction — an example from the Early
Miocene of Egypt. Palacogeogr Palacoclimatol Palaeoecol 201:
157-177

Lane JM, Lawrence JM (1979) Gonadal growth and gametogenesis in the
sand dollar Mellita quinquiesperforata (Leske, 1778). J Exp Mar
Biol Ecol 38:271-285

Lohrer AM, Trush SF, Gibbs MM (2004) Bioturbators enhance ecosys-
tem function through complex biogeochemical interactions. Nature
431:1092-1095

Merril RJ, Hobson ES (1970) Field observations of Dendraster
excentricus, a sand dollar of western North America. Am Midl Nat
83:595-624

Mueller B, Bos AR, Graf G, Gumanao GS (2011) Locomotion rate and
movement pattern of four common Indo-Pacific sea stars. Aquat
Biol 12:157-164

Nebelsick J (1999) Taphonomic comparison between recent and fossil
sand dollars. Paleaogeogr Paleaoclimatol Paleaoecol 149:349-358

Olivares-Banuelos T, Figueroa-Flores S, Carpizo-Ituarte E (2012) Gonad
index and larval development of the sand dollar Dendraster
excentricus (Echinodermata; Echinoidea) in Baja California,
Mexico. Cienc Mar 38:411-425

Ong B, Krishnan S (1995) Changes in the macrobenthos community of a
sand flat after erosion. Estuar Coast Shelf Sci 40:21-33

Parameswaram UV, Abdul Jaleel KU, Sanjeevan VN (2013)
Ophiodaphne scripta Ophiuroidea: Amphiuridae), a brittle star
exhibiting sexual dimorphism and epibiosis: first record from
India, with notes on adaptations, systematics and distribution. Mar
Biodivers 43:333-339

Pearse JS (1968) Patterns of reproductive periodicities in four species of
Indo-Pacific echinoderms. Proc Indian Acad Sci Sect B 68:247-279

Pearse JS (1969) Reproductive periodicities of Indo-Pacific invertebrates
in the Gulf of Suez. II. The echinoid Echinometra mathaei (de
Blainville). Bull Mar Sci 19(3):580-613

Pearse JS, McClay DJ, Sewell MA, Austin WC, Perez-Ruzafa A, Byme M
(1988) Simultaneous spawning of six species of echinoderms in Barkley
Sound, British Columbia. Invertebr Reprod Dev 14:279-288

Piller W, Mansour AM (1990) The Northern Bay of Safaga (Red Sea,
Egypt): an actuopalaecontological approach, II. Sediment analysis
and sedimentary facies. Beitr Paldontol Osterr 16:1-102

Pomoroy CM, Robbins BD, Lares MT (1995) Sediment grain size pref-
erence by the sand dollar Mellita tenuis Clark, 1940
(Echinodermata: Echinoidea): a laboratory study. Bull Mar Sci
56(3):778-783

Price ARG (1981) Studies on the echinoderm fauna of the western
Arabian Gulf. J Nat Hist 15:1-15

Raut D, Ganesh T, Murty NVSS, Raman AV (2005) Macrobenthos of
Kakinada Bay in the Godavari delta, East coast of India: comparing
decadal changes. Estuar Coast Shelf Sci 62:609—620

Rowe FWE, Gates J (1995) Echinodermata, In: Wells A (ed) Zoological
catalogue of Australia, Vol 33. CSIRO, Melbourne, Australia, pp 1-
510

Schultz H (2010) Sea urchins, a guide to worldwide shallow water spe-
cies. Heinke and Peter Schultz Partner Scientific Publications,
Hemdingen

Seilacher A (1979) Constructional morphology of sand dollars.
Paleobiology 5:191-221

Tavares YAG, Borzone CA (1998) General features of population dy-
namics of the sand dollar Mellita quinquiesperforata (Leske,
1778) in southern Brazilian sandy beaches. In: Mooi R, Telford M



Mar Biodiv (2018) 48:1213-1221 1221

(eds) Echinoderms. Proc 9th Internat Echinoderm Conf. Balkema, Yeo S, Keesing JK, van Keulen M (2013) Seasonal and diel variation in

Rotterdam, pp 837-642 movement rhytms of sand dollar, Peronella lesueuri (Valenciennes
Tavares YAG, Borzone CA (2006) Reproductive cycle of Mellita 1841), in Cockburn Sound, Western Australia. Mar Biol 160:277—

quinquiesperforata (Leske) (Echinodermata, Echinoidea) in two 284

contrasting beach environments. Rev Bras Zool 23:573-580 Yeo S, Keesing JK, van Keulen M (2015) Reproductive biology of the
Uthicke S, Schaffelke B, Byrne M (2009) A boom-bust phylum? sand dollar, Peronella lesueuri (L. Agassiz, 1841) (Echinoidea:

Ecological and evolutionary consequences of density variations in Clypeasteroida: Laganidae), in south-western Australia. Invertebr

echinoderms. Ecol Monogr 79(1):3-24 Reprod Dev 59(3):141-154

@ Springer



	Population...
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	References


