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Abstract Like many other environmental factors,
light limits the distribution of hermatypic corals along
depth. Octocorals, accordingly, respond to light
intensity, featuring a depth-related distribution.
Among others, competition for space, resources, and
settlement processes may determine their distribution.
The azooxanthellate octocoral Dendronephthya si-
naiensis inhabits flow-exposed vertical habitats such
as reef slopes. The current study engages with its
distributional patterns on both the southern and
northern faces of the vertical pillars of the oil jetties
at Eilat (northern Red Sea). It examines the possible
role of light intensity and competition in determining
its spatial distribution during recruitment processes.
The distribution of D. sinaiensis along depth
(14-32 m) was studied and light intensity was mea-
sured at both the light-exposed and shaded faces. The
colonies were found mostly on the shaded faces,
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suggesting that D. sinaiensis might be adapted to low-
light intensity, where zooxanthellate corals may be
more restricted. Translocation of D. sinaiensis frag-
ments from deep-to-shallow waters to either lit or
shaded faces revealed their survival on the shaded
faces, where they do not naturally occur, whereas they
did not survive on the lit ones. This finding suggests a
preference for deep water, which may reduce compe-
tition with zooxanthellate species. The occurrence of
D. sinaiensis thus appears to be determined by both a
selective preference to inhabit deep water and, at least
partially, by light intensity.

Keywords Octocorals - Depth distribution -
Translocation - Light intensity - Red Sea

Introduction

Octocorallia (Cnidaria: Anthozoa) comprise more
than 3000 species, distributed worldwide, dwelling
in a variety of habitats (Fabricius & Alderslade, 2001).
The octocoral order Alcyonacea is the largest such
order and encompasses both zooxanthellate and
azooxanthellate species, commonly living side by
side, including in illuminated shallow coral-reef
habitats (Chanmethakul et al., 2010; Gori et al.,
2012). Alcyonaceans constitute the second most
important benthic component on many coral reefs
(Fabricius & Alderslade, 2001), including in the Gulf
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of Agaba (northern Red Sea) (Benayahu & Loya,
1977, 1981).

Octocorals of the genus Dendronephthya (family
Nephtheidae) are azooxanthellate (Fabricius & Alder-
slade, 2001) and considered to be passive phytoplank-
ton filter feeders (Fabricius et al., 1995a, b). They
feature both sexual reproduction by gamete release
and asexual propagation by means of numerous
autonomous small detached fragments (Dahan &
Benayahu, 1997a, b). On the northern Red Sea reefs
the genus commonly inhabits flow-exposed habitats
such as reef slopes (Benayahu, 1985) and flourishes
there, especially on artificial structures (Perkol-Finkel
& Benayahu, 2004, 2005; Ammar, 2009). Studies
conducted on the underwater steel constructions of the
oil jetties at Eilat (northern Gulf of Aqaba), revealed
that Dendronephthya species are highly abundant
there compared to the adjacent natural reefs (Dahan &
Benayahu, 1997b). The vertical steel pillars of the
jetties are characterized by a high-flow regime
(Perkol-Finkel & Benayahu, 2004). In this artificial
habitat D. hemprichi and D. sinaiensis display a
distinct spatial distribution: the former inhabits the
entire length of the pillars (1-32 m) while the latter
occupies only the deeper section (14-30 m)
(Grossowicz, 2008, Grossowicz & Benayahu, 2012).

The “fundamental niche” concept was first applied
by Hutchinson (1958), who referred it to the set of
resources or environmental factors that a species can
utilize in the absence of competition or other biotic
interactions (Krebs, 2001). The observed resource-
usage of a given species in the presence of competition
is considered as the species’ “realized niche”
(Hutchinson, 1958). Based on this concept, niche is
determined not only by abiotic factors but also by
biotic ones. A given species does not always occupy
the optimal part of its fundamental niche but may be
restricted to its periphery, for example by competition
or predation (Krebs, 2001).

In the marine environment larval settlement takes
place when their free-living state terminates and they
select a substrate for attachment (Roth et al., 2013).
Not only larvae but also asexual propagules, such as
the small fragments detaching from Dendronephthya
colonies, are subjected to recruitment processes (e.g.,
Dahan & Benayahu, 1997b). Most of these asexual
propagules settle adjacent to the mother colonies,
where the probability of occurrence of a suitable
habitat is quite high (Dahan & Benayahu, 1997b).
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They are subjected to post-settlement processes such
as predation, competition for space, or mortality due to
diverse abiotic factors (see Ritson-Williams et al.,
2009). The latter include for example light regime
(Kahng et al., 2010), temperature (Bassim & Sam-
marco, 2003), hydrodynamics (Mullineaux, 1988),
type of substrate and its complexity (Vermeij, 2005),
sedimentation rate (Babcock & Davies, 1991), and
salinity (Vermeij, 2006), all of which contribute to
determining their niche (sensu Hutchinson, 1958).

Traditionally, light is considered a key factor in
coral-reef survival, as it attenuates with depth and
affects their distribution (e.g., Ettinger-Epstein et al.,
2008; Kahng et al., 2010). Light also determines the
depth distribution, size, and morphology of several
anthozoan groups, such as hermatypic corals (e.g.,
Vermeij & Bak, 2002; Roth et al., 2013), black corals
(Sanchez, 1999), and octocorals (Rocha et al., 2013).
Kawaguti (1941) was the first to suggest that photo-
taxis of coral planulae may affect their vertical
distribution, as was later confirmed (e.g., Gleason
et al., 2005; Matterson, 2012). Studies have revealed a
light-related distribution of several zooxanthellate
octocorals (Xeniidae: Reinicke, 1997; Cladiella sp.:
Chanmethakul et al., 2010; Sinularia flexibilis: Rocha
et al., 2013). Similarly, a light-dependent distribution
is exhibited by some azooxanthellate octocorals
(Chironephthya sp.: Chanmethakul et al., 2010; Euni-
cella singularis: Gori et al., 2012; Corallium rubrum:
Santangelo et al., 2012). In addition to light intensity,
other factors may also determine larval recruitment on
coral reefs. For example, Mundy & Babcock (2000)
found that new recruits of stony corals translocated to
deeper water survived there, although mature colonies
are not usually found there. Those findings thus reject
the hypothesis that patterns of adult distribution are
determined by indiscriminant larval settlement, fol-
lowed by differential depth-related, early post-settle-
ment mortality. It was suggested that the choice of a
particular recruitment site by larvae may reduce
competition for space with co-occurring species
(Edmunds et al., 2004). Such pre-settlement processes
exhibited by the larvae may prevent recruitment where
other environmental factors, such as light, might allow
it (Ritson-Williams et al., 2009). Hence, it would seem
that translocated recruits (e.g., Mundy & Babcock,
2000), in order to avoid competition, are able to
survive in certain environments where their larvae
would not naturally settle.
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The current study addresses the question of whether
recruitment processes determine the depth distribution
of azooxanthellate octocorals. We tested the multiple
hypotheses that (1) D. sinaiensis is a deep-water
dweller; (2) preferentially appears on a certain face
(north or south); (3) attenuated light intensity with depth
determines in part the fundamental niche (Hutchinson,
1958) of D. sinaiensis; and (4) the pre-recruitment
processes, such as selection of recruitment site, rather
than only environmental factors, may reduce competi-
tion with its congener D. hemprichi and/or scleractinian
corals that occupy the same habitat. The results also
highlight the possible role played by competition for
space in determining the spatial distribution of reef-
inhabiting azooxanthellate octocorals.

Materials and methods
Study site and distribution of D. sinaiensis

The study was conducted at the oil jetties of the Eilat-
Ashgelon Pipeline Company (EAPC), located 4 km
south of the city of Eilat (Fig. 1). The jetties were
constructed in the late 1960s and present an unplanned
artificial reef, featuring diverse benthic communities
(Dahan & Benayahu, 1997b; Perkol-Finkel & Be-
nayahu, 2004) and fish assemblages (Rilov & Be-
nayahu, 1998). Vertical steel pillars (0.65-1 m in
diameter) support the jetties along their entire length,
from the shallow water down to 32 m. For the purpose
of the current study six vertical pillars at the deepest

Fig. 1 Study site at Eilat, northern tip of the Gulf of Aqaba
(Red Sea) (EAPC: Eilat-Ashgelon Pipeline Company, IUI: The
Interuniversity Institute for Marine Sciences)

part (32 m) of the southern jetty were chosen. The
abundance and distribution of D. sinaiensis on the
pillars were determined along 0.6 m wide vertical belt
transects, deployed from the base of the pillars to the
water surface, with two belt transects to each pillar
(one on its northern face and another on its southern
one), along which the colonies were counted and their
depth of appearance was recorded to the nearest
10 cm. For data analysis, each pillar was divided into
eight depth sections, 4 m long, from the water surface
to the bottom (0—4 m, 4-8 m, 8—12 m, etc.).

Translocation experiment

In order to uncover whether only environmental factors
determine the distribution of D. sianiensis along the
pillars, a translocation experiment was conducted. For
this purpose, in January 2007 branches of D. sinaiensis
were removed by scissors from ten randomly selected
colonies growing on the pillars at 22 m depth (n = 4-5
branches from each colony). The branches were
immediately transferred to the Interuniversity Institute
for Marine Sciences in FEilat (IUI) and placed for
acclimation in 200 L tanks supplied with flow-through
seawater. A day later, ~1 cm fragments (5-8 polyps
each) were carefully clipped from the branches and
placed on individually tagged experimental PVC plates,
measuring 5 x 10 x 0.3 cm (10-15 fragments per
plate, n = 48 plates), all maintained in the running
seawater system. A month later, following attachment
of the fragments to the plates (see Barki, 1992; Dahan &
Benayahu, 1997b), the plates were placed in zip-lock
bags filled with seawater, brought to the jetty study site
and attached by plastic clips to 5 mm diameter ropes on
one of the pillars at 5, 12, and 22 m depth, on both its
northern and southern faces. Eight plates were attached
at each depth of the two faces, totaling 48 plates (8
plates x 3 depths x 2 faces). The fragments of D.
sinaiensis were monitored and counted on each plate in
March, April, and May 2007, constituting a time span
falling within that of the studies by Dahan & Benayahu
(1997b) and Perkol-Finkel & Benayahu (2009). For
each plate, the relative survivorship of the fragments
was calculated as the ratio between the number of
fragments on a given date and the respective initial
number of fragments, when introduced into the water
(February 2007). The monthly average survival rate of
the fragments per plate was then determined for each of
the three depths of the two faces.
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Light intensity measurements

Light intensity was measured along the pillars at the
three depths (5, 12, and 22 m), corresponding to the
position of the plates, on both the northern and
southern faces, by a WALZ Diving-PAM. For calibra-
tion purposes, light measurement was taken at the sea
surface (Ey). At each face and depth, measurements
were taken during three consecutive days in July 2007
(Eilat mid-summer). The measurements were taken at
0.5 m distance from the pillar to avoid shade effect of
any benthic organisms growing on its surface. The
vertical light attenuation coefficient (K4) was calcu-
lated according to the formula: E, = E; - e X%, where
z is the depth (m) and E, and E are the measured light
intensities at z and O m, respectively (Jerlov, 1976). K4
was calculated only for the southern face of the pillar,
since the northern one was constantly shaded by the
adjacent jetty’s pillars.

Statistical analysis

Statistical analyses were performed by STATISTICA
10. Averages were compared by paired ¢ test and
variances were tested by Cochran C and ANOVA
(one-way, two-way, and two-way repeated-measures),
followed by Bonferroni post hoc test. Analysis of
regression slope homogeneity was performed with
ANCOVA. Normality of the dependent variables was
examined by Kolmogorov—Smirnov test (KS) and,
when required, a suitable transformation was con-
ducted to obtain normality (see Results). All values are
presented at a confidence interval of 95%.

Results
Abundance and distribution of D. sinaiensis

The belt transects conducted along the jetty pillars
revealed that the uppermost (shallowest) colonies of
D. sinaiensis were at the 16-20 m section
(18.5 +£ 4.1 m, n = 6 pillars). The highest number
of colonies was recorded at the 20-24 m section,
featuring 70.8 & 53.7 colonies per4 x 0.6 m*(n = 6
pillars, Fig. 2a). Colony count at each depth section
was normally distributed (KS, P > 0.2 for each
section), featuring a homogenous variance (Cochran
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C, P =0.06). There were significant differences
between the number of colonies among the eight
depth sections of the pillars (one-way ANOVA, data
/X transformed, P = 0.006). The deep sections of
20-24 and 24-28 m exhibited a significantly higher
number of D. sinaiensis colonies than the others (post
hoc Bonferroni, P < 0.04). Hence, no colonies were
recorded at the 0—4, 4-8, and 8—12 m sections; low
density at 12-16, 16-20, and 28-32 m; and the highest
at 20-24 and 24-28 m (Fig. 2a). Out of the total 1083
D. sinaiensis colonies counted on the pillars, a higher
percentage (63.4%) occurred on its southern face
compared to the northern one (36.6%). The depth
distribution of the colonies, when distinguishing
between the northern and southern faces (Fig. 2b),
resembled the general distribution on both faces (see
Fig. 2a). The density of the colonies per depth section
on both faces was significantly higher on the southern
face compared to the northern one (paired #-test,
P = 0.04). Likewise, 70.5% (n = 758) of the total
number of colonies were found on a shaded surface of
the pillar, facing its inner side, while the remaining
colonies (29.45%, n = 325) were on the outer surface.

Translocation experiment

The survival rate of D. sinaiensis fragments placed on
the southern face of the pillars (May 2007) was 0.01 at
5m, 0.15 at 12 m, and 0.62 at 22 m (Fig. 3b),
corresponding to the depth distribution findings (see
above). On the northern face the survival rate was high
at all depths (Fig. 3a: 0.75,0.63, and 0.77 at 5, 12, and
22 m, respectively), compared to that recorded at 5
and 12 m on the southern face. The survival rate
during the entire period exhibited a normal distribu-
tion (KS, P > 0.2 for each depth, face and time), with
homogenous variance (Cochran C, P > 0.2 for each
depth, face, and time). There were significant differ-
ences between the survival rate of all three counts
(February to May 2007) between the pillar faces and
depths (two-way repeated-measures ANOVA, data
sin”! VX transformed, P = 0, 0.0002, respectively,
see Fig. 3). In May, the survival rate count at 22 m on
the southern face was significantly higher than at 5 and
12 m (post hoc Bonferroni, data sin”! VX trans-
formed, P < 0.003, Fig. 3b) and similar to the north-
ern face at all depths (post hoc Bonferroni, data sin™"
VX transformed, P > 0.9). Table 1 presents the
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Fig. 2 Average colony Average count (+SE)
count of D. sinaiensis per
pillar along depth (SE, 0 . 20 40 . 60 80 100 0I 20 40 . 60 80 100
n = 6 pillars). a Overall a b
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northern face, white along
southern face 4-8
» 812
c »
Re] o
§ 12-16 ‘.... »
£ 3
§16—20- .'.—1.‘ -r—ﬁﬁ
20-24 - ‘— | @ ®B—
24-28 - e o 1 o &
28-32 L_gest” s
IE b
+ 1
S
2 0.8
o
Q.
2 06
o
= 0.4 1
g
< 0.2 1
5
» 0
Feb Mar Apr May Feb Mar Apr May

Fig. 3 Survival rates (SE) of Dendronephthya sinaiensis by face. a Northern face, b southern face. White—5 m, black—12 m,

gray—22 m

regression slopes of the survival rates during the three
counts at each face and depth, revealing a moderate
decrease at all depths of the northern face (Fig. 3a) and
at 22 m of the southern one. At 5 and 22 m of the
southern face the survival rate decreased acutely with
time (Fig. 3b). The survival slopes significantly

Table 1 Correlation coefficients of survival rate along time at
each depth and face (R2 in brackets) of the translocation
experiment

5m 12 m 22 m
Northern face  —0.08 (0.98) —0.11 (0.72) —0.07 (0.98)
Southern face —0.33 (0.98) —0.26 (0.89) —0.13 (0.93)

differed between faces (homogeneity of slopes
ANCOVA, data sin~! VX transformed, P = 0.001).
At both 5 and 12 m, the survival rate on the southern
face was significantly more moderate compared to the
acute one on the northern face (post hoc Bonferroni,
P < 0.02). The survival rate between 22 m on the
southern face and northern one at all depths was
similar (P = 1 between 22 m on southern face and
each depth on the northern face). On the northern face
the survival rate was similar at all depths (P > 0.5).
The southern face exhibited a similar survival rate at 5
and 12 m (P = 1). Between 22 m and both 5 and 12 m
on the southern face the survival rate was significantly
different (P < 0.001), indicating that the survival rate
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at 22 m was moderate compared to the sharp decline at
5and 12 m.

Light intensity

The average water surface light intensity was
Ey = 1892.5 £ 527.9 pE. A typical light attenuation
curve was recorded at the southern face, featuring the
highest intensity at 5 m, medium at 12 m, and lowest at
22 m. On the northern face the light intensity was similar
at all three depths, yet still low, resembling the 22 m light
intensity at the southern face, caused by the shade effect
of the jetty itself. Table 2 presents the measured (E, (LE),
z =15, 12, and 22 m) and calibrated light intensity (E_/
Ey), featuring normally distributed values (KS, P > 0.2)
with homogenous variance (Cochran C, P = 0.9). The
light intensity was significantly higher at the southern
face of the pillar compared to the northern one (Table 2,
two-way ANOVA, data sin™! VX transformed,
P = 0.014). The light intensity at 5 m on the southern
face was significantly higher compared to all mea-
surements taken on the northern face and that at 22 m
on the southern face (post hoc Bonferroni, P < 0.03).
The vertical attenuation coefficient for the southern
face was Kq = 0.08 & 0.04 m™".

Discussion

The current study tested multiple hypotheses, all of
which were proven valid (Table 3), with most D.
sinaiensis colonies being recorded at 20-28 m on the
southern pillar face. In addition, for the colonies
that were found on a shaded surface of the pillars,
facing their inner side and on the northern face, their
survival rate was the highest at all depths, compared to
that at 5 and 12 m on the southern face.

In the marine systems, environmental factors
determine the recruitment of benthic organisms (Todd,
1998; Roth et al., 2013). These factors include among
others temperature (Bassim & Sammarco, 2003),
substrate availability (Grigg, 1977), substrate compo-
sition, and morphology (Vermeij, 2005), and sedimen-
tation rate (Babcock & Davies, 1991). Other factors
could be related to depth, such as currents (Mulli-
neaux, 1988) and light (this study, Kahng et al., 2010).
Previous studies have shown that different corals
require specific light intensities for settlement (Ver-
meij & Bak, 2002). The current study revealed that
colonies of the octocoral D. sinaiensis inhabit mostly
the deep and shaded parts of the EAPC jetty pillars.
The occurrence of benthic species, including zooxan-
thellate corals, along a depth gradient may reflect a
response to environmental factors, including light
(Baird et al., 2003). Therefore, it is suggested that
depth distribution of the azooxanthellate D. sinaiensis
is at least in part determined by light intensity.
Nevertheless, distribution may also be affected by
other depth-related factors, such as current regime, in
which intensity displays moderate values in deeper
compared to shallow water (Grossowicz, 2008).

The relationship between pillar face and its occur-
rence might thus be related to the light regime.
Chanmethakul et al. (2010) demonstrated that octo-
corals exhibit species-specific habitat preferences; for
example, members of the family Nephtheidae are
often restricted to reef slopes and deep habitats.
Sheppard (1980) found in Chagos (Indian Ocean) that
slopes facing the open sea featured a typical species
composition, with a more complex community on the
slope facing the lagoon, comprising several taxa of
stony and soft corals. The light intensity along the
EAPC jetty is determined by the shade caused by the
pillars constructing it and by light attenuation with

Table 2 Measured E, (LE)

and calibrated light
intensity E, /Ey (z = 5, 12,
22 m) at the northern and
southern faces

(£SD, n =12

measurements at each

location)
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12 m 22 m
Northern face
Calibrated 0.07 + 0.05 0.06 + 0.04 0.06 £ 0.04
Measured (LE) 139.5 £+ 24.75 120 £ 2.82 114 £ 12.72
Southern face
Calibrated 0.28 + 0.16 0.14 + 0.06 0.09 £ 0.05
Measured (LE) 529.5 £ 19.09 254.5 £ 24.75 168.5 £+ 30.4
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Table 3 Summary of tested hypotheses, conducted test results, and conclusions

Hypothesis Test

Results and conclusions

D. sinaiensis displays a vertical distribution Vertical belt transects

and appears mostly in deep water

D. sinaiensis preferentially appears at a
certain face (north or south)
faces

Depth distribution in part determined by
light intensity

If environmental factors determine
octocoral distribution, it will not survive
at mid and shallow depths

Vertical belt transects at
northern and southern

Translocation experiment

No colonies were recorded at 0—12 m, low density at
12-20, the highest at 20-28 m and none at 28-32 m

Higher percentage occurred on the southern face
compared to the northern one

Light intensity measurement Subject corals were found on the shaded surface of
was conducted along
vertical transects

pillar, facing its inner side. On the northern face light
intensity was low and uniform along entire depth,
resembling the 22 m intensity at the southern face,
caused by shade effect of the jetty itself

On the northern face survival rate was highest at all
depths, compared to that at 5 and 12 m on the
southern face

depth. For example, the northern shaded side of the
jetty features the low-light adapted azooxanthellate
soft corals, whereas on the more illuminated southern
side there are mostly zooxanthellate species (Barki,
1992; Grossowicz, 2008; Grossowicz & Benayahu,
2012), which may be competitors to azooxanthellate
dwellers.

With respect to their fundamental niche (Hutchin-
son, 1958), larvae of benthic organisms may respond
to cues for settlement supplied by the substrate itself or
in the water overlying it (Ritson-Williams et al.,
2009). For example, seawater salinity lower than
normal increased both pre- and post-settlement mor-
tality of coral planulae (Vermeij, 2006), while subse-
quent mortality due to predation or competition
affected the recruits and their survivorship, thus
reflecting the “realized niche”. Mundy & Babcock
(2000), who demonstrated that translocated zooxan-
thellate stony coral recruits survived at depths in
which they did not naturally occur, concluded that the
species’ distribution was not depth-related. The
azooxanthellate D. sinaiensis was found on the deeper
and shaded parts of the jetty (>18.5 £ 4.1 m, Fig. 2a).
Following translocation, the survival of D. sinaiensis
asexual fragments on the south face of the jetty
supports the hypothesis that attenuated light along
depth determines its occurrence and that it does not
survive in the shallow, well-illuminated, sections of
the pillars. The survival of the translocated fragments
on the north face at all depths was high within the
duration of experiment (i.e., 90 days), thus falling
within the findings of previous studies conducted in

Eilat (Dahan & Benayahu, 1997b; Perkol-Finkel &
Benayahu, 2009). D. sinaiensis was not recorded
growing naturally at the mid and shallow depths,
suggesting that light intensity is nevertheless not the
only factor limiting its distribution in the deep section
of the pillars. Similarly, as indicated by Mundy &
Babcock (2000), it is suggested here that recruitment
and subsequent survivorship of D. sinaiensis frag-
ments determine their depth distribution. Only a few
colonies of D. sinaiensis were found growing at depths
shallower than 18 m (Fig. 2a), thus supporting the
hypothesis of their preference for deep water. It is
therefore concluded that D. sinaiensis is adapted to
niches characterized by low-light intensity, insuffi-
cient for zooxanthellate species, and thus most
probably avoids competition for space with the latter.

The current findings indicate that the D. sinaiensis
niche on the EAPC jetty pillars is determined by pre-
settlement preferences for both shaded and low-
illuminated habitats. Depth, however, is not the sole
contributing environmental factor. It is suggested that
examining the role played by UV irradiance and
possible competitive interactions with D. hemprichi
and other benthic organisms, may highlight the
relevance of the current results also to natural reef
systems.
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