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Abstract Mesophotic coral-reef ecosystems (MCEs),
which comprise the light-dependent communities of corals
and other organisms found at depths between 30
and ~ 150 m, have received very little study to date.
However, current technological advances, such as remotely
operated vehicles and closed-circuit rebreather diving, now
enable their thorough investigation. Following the reef-
building stony corals, octocorals are the second most
common benthic component on many shallow reefs and a
major component on deep reefs, the Red Sea included. This
study is the first to examine octocoral community features
on upper MCEs based on species-level identification and to
compare them with the shallower reef zones. The study was
carried out at Eilat (Gulf of Agaba, northern Red Sea),
comparing octocoral communities at two mesophotic reefs
(30-45 m) and two shallow reef zones (reef flat and upper
fore-reef) by belt transects. A total of 30 octocoral species
were identified, with higher species richness on the upper
MCEs compared to the shallower reefs. Although the
MCEs were found to host a higher number of species than
the shallower reefs, both featured a similar diversity. Each
reef zone revealed a unique octocoral species composition
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and distinct community structure, with only 16% of the
species shared by both the MCEs and the shallower reefs.
This study has revealed an almost exclusive dominance of
zooxanthellate species at the studied upper MCE reefs, thus
indicating an adequate light regime for photosynthesis
there. The findings should encourage similar studies on
other reefs, aimed at understanding the spatiotemporal
features and ecological role of octocorals in reef ecosys-
tems down to the deepest limit of the MCEs.

Keywords Octocorallia - Soft corals - Deep reef -
Mesophotic coral-reef ecosystem (MCE) - Biodiversity -
Red Sea

Introduction

Mesophotic coral-reef ecosystems (MCEs) have been
defined as comprising the light-dependent communities of
corals and other organisms found at depths below 30 to
>150 m in tropical and subtropical regions (Puglise et al.
2009). Due to technical difficulties, until the last decade
most coral-reef studies were restricted to the upper ~30 m
and, therefore, data on the MCEs have been sparse (Menza
et al. 2008; Loya et al. 2016). Current technological
advances, however, such as autonomous underwater vehi-
cles, remotely operated vehicles, and closed-circuit
rebreather diving, have now facilitated the investigation of
MCEs, as reviewed by Kahng et al. (2010).

Octocorals are the second most common group of mac-
robenthic animals on many Indo-Pacific and Caribbean reefs
after the reef-building stony corals (Fabricius and Alderslade
2001). Members of this group have been the subject of var-
ious studies, yet have always lagged behind their sclerac-
tinian counterparts in regard to our knowledge of species
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composition and distribution (Fabricius and De’ Ath 2008).
To date, there have been very few studies on octocoral
assemblages that provide data at species resolution. This
applies not only to reef systems at depths down to 30 m, but
to an even greater extent to MCEs, thus further highlighting
the significance of this study. Several studies have been
conducted on mesophotic octocoral community composi-
tion, divided into upper MCEs (30-60 m) and lower MCEs
(60-150 m) (e.g., 50-140 m: Kahng and Kelley 2007;
30-110 m: Bare et al. 2010; 30-150 m: Bongaerts et al.
2011;47-163 m: Bridge et al. 2012; 72—-111 m: Appeldoorn
etal. 2016; 11-60 m: Etnoyer et al. 2016). However, most of
these studies have been limited to photographic recognition
of the resident taxa, mostly at the family level, and have thus
often underestimated their actual species composition and
abundance, or even lack any such information. For example,
in American Samoa a towed camera system revealed a
gradual increase in the percentage of octocoral cover down to
70 m and then a decrease down to 100 m (Bare et al. 2010),
but listed only the octocoral genera Sarcophyton and Lobo-
phytum and the rest under “other colonizers.” These findings
contrast to those for the stony corals there, which feature
maximum cover at 30 m and then a decrease toward deeper
water. A study conducted in Hawaii by Kahng and Kelley
(2007) demonstrated increased cover of the stony coral
Leptoseris spp. toward 90 m, with a similar increase in
Carijoa riisei, an invasive octocoral there, which reached
maximum cover at 100 m. The same study also demon-
strated that the cover of other stony and soft corals decreased
with depth, emphasizing the fitness of only those two taxa for
the deeper reefs, as other taxa were sparse. A study con-
ducted in the Coral Sea (Australia) revealed that depths of
<30 m mostly featured juvenile stony corals over bare
substrate, with low cover due to past cyclone damage and
bleaching events (Bongaerts et al. 2011). These findings
were in stark contrast to the steep reef walls at 40-100 m that
were extensively covered by Halimeda algal curtains
alongside a diverse stony coral community. Bongaerts et al.
(2011) also recorded diverse azooxanthellate octocorals
down to 150 m, but no taxonomic composition was pre-
sented. Bridge et al. (2012), who conducted the only study to
date investigating MCE octocorals of the Great Barrier Reef
(Australia), described diverse benthic communities there.
That study recorded 27 octocoral genera at 47-159 m, eight
of which were not recorded in the shallow waters, indicating
that other taxa considered as rare in the shallow reefs might
be widespread at the mesophotic depths. Etnoyer et al.
(2016) dealt with the effect of the Macondo oil well spill
(Gulf of Mexico) on gorgonian octocorals, providing data
based on generic and species levels. In contrast, a study on
MCEs under anthropogenic stress in Puerto Rico referred to
that group as comprising gorgonians alone (Appeldoorn et al.
2016).

@ Springer

The northern Red Sea octocorals have been extensively
studied, albeit mostly confined to the reefs above 30 m,
including, among other aspects, community structure (Be-
nayahu and Loya 1977, 1981), life history (e.g., Kahng
et al. 2011 and references therein; Mandelberg-Aharon and
Benayahu 2015), recruitment capabilities (e.g., Perkol-
Finkel and Benayahu 2004, 2005), and taxonomy (e.g.,
Verseveldt and Benayahu 1983; Haverkort-Yeh et al. 2013;
Van Ofwegen et al. 2013, 2016; Halasz et al. 2014).
Undoubtedly, these studies have revealed vast octocoral
richness in the Red Sea, including new species; however,
the octocorals of the MCEs in the Red Sea have remained
little studied. Although Eilat has well-developed MCEs
with high diversity of stony corals (Eyal 2014), there is an
important gap in our knowledge regarding the mesophotic
octocorals, despite evidence showing that they occur. Eyal
(2014) recorded 8% octocoral coverage at 40 m, decreas-
ing to 1% at 60 m, assigning the taxa to the families
Alcyoniidae, Melithaeidae, and Xeniidae. Recently, Loya
et al. (2016) presented an underwater photograph of the
deeper Eilat MCE (80-146 m) with an abundant gorgonian
population, but no quantitative data were provided.
Regarding the environmental consequences posed by glo-
bal change (e.g., Pandolfi et al. 2011; Spalding and Brown
2015), it has been widely suggested that MCEs might serve
as refugia for depth-generalist species that are under threat
in the degraded shallow reefs (e.g., Lesser et al. 2009;
Bongaerts et al. 2010; Holstein et al. 2015; Loya et al.
2016). Moreover, the evidence suggests that deep reefs
may provide a source of propagules, thus enabling
replenishment of the degraded shallow-water reefs (Van
Oppen et al. 2011), and that deeper populations are
sometimes more fecund (Holstein et al. 2015). Although
situated at the northernmost boundary of coral-reef distri-
bution (ca. 30°N), the coral reefs of the northern Gulf of
Aqaba (Fig. 1) exhibit among the highest within-habitat
coral species diversity in the world (Rosenberg and Loya
2004). These reefs have been chronically perturbed by
anthropogenic activities and have severely deteriorated
over the last four decades (Rosenberg and Loya 2004).
Consequently, studies on the MCEs are required to better
evaluate the reef ecosystem along its entire depth range
(see also Loya et al. 2016).

It is well accepted that coral growth is affected by light
flux and wave action, leading to zonation of the different
species, as each thrives in its own unique niche (Reece
et al. 2013). In the Gulf of Aqaba, the reef down to 30 m
features three distinct zones: the reef flat, the vertical upper
fore-reef, and the gradually descending reef slope (Loya
1972). As each of these reef zones features a unique
octocoral community (Benayahu and Loya 1977), the MCE
is expected to similarly accommodate a distinct octocoral
community.
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Fig. 1 Study sites at Eilat (VR Nature Reserve; /Ul Interuniversity
Institute for Marine Sciences), Gulf of Aqaba, northern Red Sea
(yellow ellipses), and three bathymetric zones: shallow water (blue,
0-30 m), mesophotic zone (red, 30-150 m), and the deep waters
(green, 150-800 m). Following Sade et al. (2008)

The scarce data available on MCE octocorals in general
and in the Red Sea in particular motivated us to conduct
this study testing the hypothesis that the upper MCE
octocoral community structure at Eilat differs from that of
the shallower one. Specifically, this study addressed the
following questions: (1) What is the octocoral species
composition in Eilat’s upper MCEs compared to that of the
reef flat and upper fore-reef, and (2) what are their com-
munity features in terms of richness, diversity, evenness,
and spatial distribution of the different species?

Materials and methods
Study sites and field data collection

The mesophotic octocoral survey took place in Eilat, at a
depth of 30-45 m and at two adjacent sites: the reef across
from the Interuniversity Institute for Marine Sciences (IUT)
and the “Coral Beach” Nature Reserve (NR) (Fig. 1). The
IUI site features a moderate slope mostly covered with
gravel and coral patches, while the NR site features a steep
wall. The shallow site comprised the NR reef flat (~ 1 m)
and its upper fore-reef (1-4 m).

A 10 x 1 m belt transect survey was used to obtain
colony count data. A total of 80 transects were deployed
parallel to the beach along depth contours, and the number
of colonies of each taxon was recorded. At the MCE, a total
of 45 transects were conducted in three depth zones: 30-35,

35-40, and 40-45 m, 15 transects in each (7 at the NR and
8 at the IUI). On the shallow reef, a total of 22 transects
were run on the reef flat and 13 on the upper fore-reef (see
also Benayahu and Loya 1981). Underwater studies were
carried out using open-circuit technical SCUBA with N,
and O, mixture (NITROX: 25% O, at 2045 m and 50%
0O, at 0-20 m) on the MCE, SCUBA on the upper fore-reef,
and snorkeling on the reef flat.

Coral sample collection and identification

The transects were videoed, and additional still pho-
tographs of individual soft coral colonies were taken using
a Cannon G9 camera with an underwater casing and an
Intovatec Galaxy video light. During the survey, samples
were removed from octocoral colonies for taxonomic
identification, using the reference collection of the Zoo-
logical Museum of Tel Aviv University and relevant pub-
lications. For this purpose, prior to collection each colony
was photographed in situ with a numbered label next to it,
and the sample was then transferred to a Ziploc bag with
the corresponding number. In the IUI laboratory, a small
subsample was removed and preserved in 100% ethanol for
future molecular work, and the original sample was placed
in 70% ethanol.

Statistical analysis

All statistical analyses were performed using R version
3.0.2 and RStudio version 0.98.976 with statistical signif-
icance set at o < 0.05. A data table containing the species
identity and abundance per transect was imported into R (R
Core Team 2014). Following import, the relative abun-
dance was calculated as percentage of colonies of each
species of the total number of recorded colonies there.
Mean values of abundance were obtained for each of the
study sites and depth intervals. Tests for significant devi-
ations from normality and homogeneity of variance in total
octocoral abundance were conducted by shapiro.test and
bartlett.test functions in R. Both tests revealed significant
deviations from normality (p < 0.05) and, therefore,
Kruskal-Wallis tests were used to compare abundance
averages. Permutational multivariate analysis of variance
(PERMANOVA), using the Adonis function in R, com-
pared species composition among sites and depths. Sig-
nificance tests were conducted using F-tests based on
sequential sums of squares from permutations of the raw
data and not permutations of residuals. Permutations of the
raw data may provide better small sample characteristics
than permutations of the residuals (McArdle and Anderson
2001). Non-metric multidimensional scaling (nMDS) was
performed using the function “metaMDS” in the Vegan
package (Oksanen et al. 2013), for visualization of the
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associations of octocorals within and among the different
reef zones (reef flat, upper fore-reef, and MCE). The data
were not transformed, and a two-dimensional Bray—Curtis
ordination was plotted. Each point in the graph stands for
an individual transect. Standard error is represented by the
ellipses, created by the “ordiellipse” function.

Community indices

The following indices were calculated to examine octo-
coral community features: species richness (S), Shannon—
Wiener index of diversity (H': Shannon and Weaver 1949),
and evenness index (J': Pielou 1969). In order to compare
diversity between communities, a Hill numbers plot (Chao
et al. 2014) was generated using the Rényi function in the
vegan package (Oksanen et al. 2013), by calculating the
Rényi diversity (Rényi 1960) of order o as the following
equation: Ho = 1/(1 — a)log >_}_, Pi* where o is a scale
parameter. Rényi diversity was then transformed to “Hill
numbers” or “effective number of species” (Hill 1973),
defined as No = exp (Ho). Some Hill numbers are known
diversity indices, such as the number of species (richness)
with o = 0, or the exponent of Shannon diversity with
o =1, and the inverse Simpson with o« =2 and
1/max(p) with « = o0.

Species accumulation curves (SAC) were used to com-
pare diversity of community data sets, using different
accumulator functions. The classic method is “random,”
which finds the mean SAC and its standard deviation from
random permutations of the data or subsampling without
replacement (Gotelli and Colwell 2001).

Patchiness of octocoral colonies was tested using
Lloyd’s index of patchiness (LIP; Lloyd 1967) calculated
according to the following equation:

mean+variance
LIP = ( mean-—1 )/mean

where LIP = 1 for a random distribution, >1 for aggre-
gated distributions, and <1 for regular distributions.

Results

A total of 30 octocoral species of 16 genera and 7 families
were recorded in all reef zones, with 21 species, 14 genera,
and 7 families on both studied upper MCEs (Table 1). The
reef flat and the upper fore-reef featured a smaller number
of families (three and four, respectively), both with a
similar number of genera and species (five in both these
zones vs. 14 in the MCE and 13, 14, and 21 species on reef
flat, upper fore-reef, and MCE, respectively). Most taxa in
both MCE sites exhibited a wide depth distribution and
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were recorded at 30—45 m, except Lobophytum depressum,
which was found at 35-45 m, Sinularia licroclados at
3040 m, and Junceella juncea at 45 m. The following
taxa were rare and found in only one transect of a particular
reef: J. juncea on the IUI MCE; S. levi on both the NR reef
flat and upper fore-reef; and S. erecta S. polydactyla, S.
portieri, S. querciformis, and Litophyton sp. on the upper
fore-reef. A significantly higher average number of octo-
coral colonies per belt transect were found on the IUI MCE
than on the NR MCE (31.8 & 6.7, 53.1 & 6.1, respec-
tively, Kruskal-Wallis, p = 0.016; Table 1), while no
other significant differences in abundance were found
among the different sites (MCEs and shallow reefs). Plot-
ting the octocoral species accumulation curves (i.e., num-
ber of species against number of belt transects for the two
MCE sites and combined data of both the NR reef flat and
upper fore-reef) presented a plateau and thus confirmed a
sufficient survey effort (Electronic Supplementary Mate-
rial, ESM Fig. S1).

The nMDS based on the octocoral species composition
identified three distinct groups: the reef flat and upper fore-
reef presented isolated clusters, and both upper MCEs
overlapped in multidimensional space (untransformed data,
Bray—Curtis ordination, stress = 0.17; Fig. 2). Numbers,
which represent species scores, show the correspondence
of each species to the different reef zones.

There was significant difference in the octocoral species
composition among the groups (pooled NR and IUI MCEzs,
the reef flat, and the upper fore-reef, PERMANOVA,
P =02, p = 0.001). Furthermore, a significant difference
in species composition was revealed between the two MCEs
(NR and IUI, PERMANOVA, * = 0.05, p = 0.047) and
also between the two shallow reefs (reef flat and upper fore-
reef, PERMANOVA, P = 0.15, p = 0.001). Similarly, a
significant difference in octocoral species composition was
found between the combined shallow reef data (reef flat and
upper fore-reef) and the pooled MCE data (PERMANOVA,
r* = 0.17, p = 0.001).

Additional investigation of Eilat’s upper MCEs revealed
that Xenia sp. and Ovabunda sp. featured the highest rel-
ative abundance (33.7-42 and 33.6-37.3%, respectively;
Table 1), and Rhytisma fulvum fulvum and Briareum
hamrum were significantly more abundant in the IUI MCE
than the NR MCE (Kruskal-Wallis, p < 0.01; ESM
Fig. S2). Litophyton sp. and J. juncea were recorded only at
the TUI MCE and S. licroclados only at the NR MCE
(Table 1; ESM Fig. S2).

The reef flat and the upper fore-reef featured greater
dissimilarity among transects than did the upper MCEs
(Table 1; ESM Fig. S3). For example, S. polydactyla was
highly abundant in the former, yet very rare in the latter.
Cladiella pachyclados and S. recurvata were similarly
absent from the upper fore-reef, while S. querciformis,
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Upper fore-reef (13)

Mean abundance (colony count £SE)
IUI MCE (24) Reef flat (22)

Upper fore-reef (13) NR MCE (21)

Reef flat (22)

IUI MCE (24)

Relative abundance (%)

NR MCE (21)

Taxa

Table 1 continued
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Family Tubiporidae

27

0.8 £0.2 0.1 £0.1 0.6 +£04

0.3 +£0.1

0.9

0.19

1.49

0.9

Tubipora musica Linnaeus, 1758

Family Xeniidae

28

02+02

02+0.2

0.31
373

0.75
33.6
42

Anthelia sp.

0
0

19.8 £ 64
179 £ 49
53.1 6.1

10.7 £ 3.9
133 £ 65
31.8 £ 6.7

Ovabunda sp.

29

33.7

Xenia sp.

30
Total

68.5 + 17.4

479 £ 10.5

Combined reef flat and upper fore-

Pooled MCEs

7

Families

reef
55.6 £9.3
(n=35)

43,1 £ 4.7
(n = 45)

14
20

12
19

16
30

Genera

14

13

Species

Total number of families, genera, and species for each reef zone, pooled MCEs, and combined reef flat and upper fore-reef are presented at bottom of table. Number of belt transects conducted

at each reef is indicated in brackets

Bray-Curtis ordination, 2D stress =0.17

0
- 21
o |
wn
[
N
2 o
=° 1
© 1490
3
Q|
' B NRMCE
B Ul MCE
‘u_)' — Reef flat
! % Fore-reef

T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

NMDS1

Fig. 2 Multidimensional scaling plot (Bray—Curtis ordination, 2D
stress level = 0.17) based on octocoral species composition recorded
for each transect at each of the different study sites: upper mesophotic
coral ecosystem near the Interuniversity Institute for Marine Sciences
in Eilat (IUI MCE, red rectangles) and the Eilat Nature Reserve (NR
MCE, black rectangles), NR reef flat (blue triangles), and NR upper
fore-reef (green triangles). Ellipses represent standard error at the
different sites. Numbers represent species scores listed in Table 1

S. terspilli, and S. vrijmoethi were abundant in the upper
fore-reef and absent from the reef flat. The most abundant
taxa on the NR reef flat were S. polydactyla and Litophyton
sp. (48.2 and 24%, respectively; Table 1), and the most
abundant on the upper fore-reef were S. leptoclados, S.
terspilli, and S. vrijmoethi (36.7, 11.9, and 11.8%,
respectively; Table 1). Sinularia leptoclados and S. humesi
were significantly more abundant on the upper fore-reef
than on the reef flat (Kruskal-Wallis, p < 0.01; ESM
Fig. S3). Litophyton sp. was more abundant in the reef flat
than in the upper fore-reef (Kruskal-Wallis, p < 0.01;
ESM Fig. S3). Rhytisma fulvum fulvum was the only
octocoral displaying high relative abundance at all depth
zones, comprising 5.6, 4.5, and 9.3% of the colonies in the
MCEs, reef flat, and upper fore-reef, respectively.

A Hill diversity plot revealed only subtle differences in
diversity features among the studied reefs (Fig. 3), indi-
cating that the upper MCEs feature a higher richness but
are dominated by fewer species. Notably, both MCE sites
featured higher, though not significant, species richness
(Scale = 0) than the shallow reefs. Correspondingly, this
comparison also revealed a lower Shannon’s diversity
(Scale = 1), inverse Simpson index (Scale = 2), and
dominance index (Scale = Inf). Overlapping of the lines in
Fig. 3 indicates no difference in the diversity profiles
between the different reef zones.
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Fig. 3 Hill diversity profiles for
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The results indicate a significantly higher mean octo-
coral richness per belt transect for the pooled upper MCEs
data compared to that of the reef flat and the upper fore-
reef (Kruskal-Wallis, p < 0.03; Fig. 4). Similarly, species
richness was also higher than that of the combined data of
the reef flat and upper fore-reef (Kruskal-Wallis,
p = 0.027; Fig. 4). No significant differences were found
when comparing the octocoral community mean diversity
(Shannon’s H’: range 0.85-1.06; ESM Fig. S4a) and
evenness (Pielou’s J: range 0.58-0.75; ESM Fig. S4b), of
the different reef zones (Kruskal-Wallis test, p > 0.05).
LIP indicated that the vast majority of octocoral species in
all the reef zones displayed a patchy distribution (LIP > 1;
ESM Fig. S5), except for the rare species with a very low

Mean richness
+SE per transect

IUI MCE

NR MCE

Reef flat

Upper fore-reef
MCEs

Shallow reef

Fig. 4 Octocoral mean richness (£ SE) per belt transect (1 x 10 m)
on upper mesophotic coral ecosystems (MCEs) near the Interuniver-
sity Institute for Marine Science in Eilat (IUI) and the Eilat Nature
Reserve (NR), NR reef flat, NR upper fore-reef, pooled data of both
MCE:s (black), and combined data of the reef flat and the upper fore-
reef (white)

Scale

colony count per transect, such as Siphonogorgia sp. and
Sinularia recurvata (Table 1).

Discussion

Our results confirm the hypothesis that the upper MCE
octocoral community structure at Eilat differs from the
community structure of the reef flat and the upper fore-reef.
Each reef zone features a specific species composition and
abundance, with higher species richness in the MCE
(Table 1; Fig. 2). The study has yielded the first octocoral
species list for Eilat’s upper mesophotic reefs and an
expanded one for its shallow reefs. A total of 30 species
from 16 genera and seven families were recorded in the
three studied reef zones where species accumulation curves
indicated that most species were likely to be found (ESM
Fig. S1). Consequently, this is the first reliable and updated
quantitative inventory for shallow and mesophotic octo-
coral species in Eilat (Table 1), as no single, comprehen-
sive species inventory of Red Sea octocorals has been
published. All the noted species have been previously
reported in taxonomic surveys from the Red Sea shallow
reefs (<30 m) (e.g., Verseveldt 1980, 1983; Verseveldt and
Benayahu 1978, 1983; Van Ofwegen 2002; McFadden
et al. 2011; Haverkort-Yeh et al. 2013; Van Ofwegen et al.
2013, 2016), except Scleronephthya lewinsohni, which was
reported at the mesophotic depth of 55-82 m (Verseveldt
and Benayahu 1978). Our study has yielded a higher
octocoral species richness for Eilat than previously repor-
ted: 30 in comparison to the 16 and 11 species found by
Benayahu and Loya (1977, 1987), 19 found by Perkol-
Finkel and Benayahu (2005), and the three octocoral gen-
era listed for the MCE by Eyal (2014). Such differences in
richness found between previous studies and the current
one derive from the more thorough collections, also cov-
ering the upper MCE, as well as from advances in
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Fig. 5 Eilat’s upper mesophotic octocorals. a Colonies of Ovabunda sp. dominating deep reefs. b Patch of depth-specialist Junceella juncea.
¢ Patch of Lobophytum depressum colonies. d Briareum hamrum, an encrusting deep resident

taxonomic expertise, as also reflected in the extensive
phylogenetic and taxonomic studies conducted in the
region (references above). Future identification to species
level of members of the families Nephtheidae and Xeniidae
from the MCE, or any additional ones when encountered, is
expected to further increase the number of species in the
MCE. Moreover, surveys at a depth range of 4-30 m, and
certainly below 45 m, will undoubtedly reveal increased
octocoral richness for Filat’s reefs across a wider depth
range. Previous studies have noted the remarkable species
diversity of the genus Sinularia in the Red Sea, being the
highest in its entire Indo-Pacific distributional range (Van
Ofwegen 2002: 38 species) and similarly found in the
current study to be the most speciose in Eilat, contributing
13 species in total (Table 1). Interestingly, soft coral sur-
veys conducted in the west Indian Ocean yielded a con-
siderable number of octocoral species (e.g., KwaZulu-
Natal: 38 species, Tanzania: 46, Mozambique: 53;
Benayahu et al. 2003; Chagos Archipelago: 62, Mayotte:
72; Schleyer and Benayahu in press). Those surveys aimed
at providing a species inventory and were based on col-
lections for taxonomic purposes in large reef areas, rather

@ Springer

than seeking to quantify the community features at desig-
nated sites, as in this study. Undoubtedly, quantitative
studies similar to ours are much needed to compare the soft
coral richness in the Red Sea to that of the Indian Ocean at
large.

The Eilat upper mesophotic octocoral community is
numerically dominated by two zooxanthellate taxa, Ov-
abunda sp. and Xenia sp. (Fig. 5a), suggesting the exis-
tence of adequate light for these autotrophic taxa (e.g.,
Barneah et al. 2004) down to at least 45 m (Table 1). In
contrast, these two genera were not recorded from the reef
flat and upper fore-reef zone, most probably due to pre-
vailing wave action there and occasional exposure during
low tide (Rosenberg and Loya 2004). Interestingly, a single
patch of the azooxanthellate Junceella juncea (Fig. 5b) was
found at the IUI MCE, representing its uppermost depth
distribution in the region. Together with Scleronephthya
corymbosa, S. lewinsohni, and Siphonogorgia sp., these
four constitute the only azooxanthellate species found in
the upper MCEs at Eilat and are only a minor component of
the soft coral community (Table 1: 4 species of 20). This
finding in turn reflects the predominance of zooxanthellate
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taxa in the deep study site, thus further indicating that an
adequate light regime for photosynthesis of the symbiotic
algae exists in the Eilat upper MCEs (30-45 m).

Differences in species composition between the two
upper mesophotic reefs were represented by two encrusting
octocorals, Briareum hamrum and Rhytisma fulvum fulvum,
as well as the depth-specialist J. juncea, all found in higher
numbers at the IUI site. In addition, there was presented a
higher mean number of colonies per belt transect at the IUI
site than at NR (53 vs. 32; Table 1), along with a higher
mean richness per transect (6 vs. 4; Fig. 4). These differ-
ences might have resulted from topographic differences
between the two sites; the IUI site features a moderate
slope with patches of gravel and sand, while the NR site
features a steep, continuous, hard calcareous reef substrate.
Such differences might lead to more diverse niches and
facilitate a richer coral community at the IUI site (e.g.,
Pittman et al. 2007).

The higher total richness and mean richness per belt
transect found in the upper MCEs than the NR reef flat and
the NR upper fore-reef (Table 1; Fig. 4) concur with other
studies that found high octocoral richness on some meso-
photic reefs (American Samoa, 30-110 m; Bare et al.
2010; Puerto Rico, 30-50 m; Garcia-Sais 2010; and Aus-
tralia, 47-163 m: Bridge et al. 2012). In this respect,
therefore, the Eilat upper MCE resembles other MCEs,
suggesting that upper mesophotic octocoral richness is high
across circumtropical zoogeographical regions. Future
studies of a larger variety of habitats and depth zones
would help to clarify the extent of this pattern.

Although the three reef zones studied here demonstrate
differences in species composition and richness, they all
possess a similar mean colony count per transect, Shan-
non’s diversity, and Pielou’s evenness values (Table 1;
Figs. 2, 4; ESM Fig. S5). The dominance of only a few
species in each reef zone (Table 1; Fig. 2) suggests a
strong effect of the rare species in the upper MCEs on the
diversity and evenness values and indicates that the MCEs
feature a higher richness but are dominated by fewer spe-
cies. Consequently, if those rare species that were recorded
in only a few transects were omitted, a higher evenness
than that of the shallow reefs would be expected. This
conclusion is further demonstrated by the Hill diversity
(Fig. 3), which indicates an overlap in the functions found
for the different reef zones, indicating a similar diversity in
the reef flat and both MCEs (Chao et al. 2014). The current
findings provide deeper insights into the diversity patterns,
thus revealing a slightly more diverse community in the
TUI MCE than in both the NR MCE and NR reef flat, as
noted from the lack of overlap in diversity profiles along
the entire scale (Fig. 3).

Past studies have commonly indicated an aggregated
spatial distribution for octocorals, which may derive from

both larval behavior and asexual reproduction (e.g., Carlon
and Olson 1993; Dahan and Benayahu 1997). The current
study yielded similar findings for both the shallow reefs
and the upper MCEs (ESM Fig. S6), thus suggesting the
prevalence of this feature across a wide depth range.

The question of whether mesophotic octocorals reproduce
and can thus replenish the larval supply to shallow reefs is of
particular interest (e.g., Bongaerts et al. 2010; Van Oppen
etal. 2011; Slattery et al. 2011; Holstein et al. 2016). Previous
studies have demonstrated that in the northern Gulf of Agaba,
octocorals sexually reproduce at 27-30 m (Rhytisma fulvum
fulvum: Benayahu and Loya 1983; Ovabunda macrospicu-
lata: Benayahu and Loya 1984a, b; and Sarcophyton glaucum:
Benayahu and Loya 1986). This study demonstrates that 16%
of the octocoral species occur in both the shallow and meso-
photic reefs. Since some of which feature viable sexual
reproduction adjacent to the upper mesophotic depths (refer-
ences above), it is suggested that they also reproduce in the
mesophotic depths. If this is indeed validated (study in pro-
gress), it is conceivable that the deep octocoral populations
also contribute propagules to the shallow reefs. The relatively
small overlap in species composition between depth zones
may also increase when comparable data from 3 to 30 m
become available, thus enabling analysis of the communities
along the entire depth range. Since Xeniidae are abundant in
Eilat’s MCE (this study) and also at 4-30 m (Benayahu and
Loya 1985), they probably feature a remarkable connectivity
along a wider depth range than most other species (Table 1).
In the current study, Briareum hamrum and Lobophytum
depressum (Fig. 5c,d) were recorded only in the upper MCEs,
in contrast to the findings of Benayahu and Loya (1977) and
Benayahu (1989), who recorded the former on the NR reef flat
only (Clavularia hamra = Briareum hamrum; see Alderslade
2000) and the latter exclusively in the upper fore-reefs (Y
Benayahu, personal observations). If these two species do
sexually reproduce in deeper waters, these populations might
in the future replenish their extinct shallow reef populations in
Eilat. Undoubtedly, the possible vertical connectivity between
the shallow- and deep-reef octocoral populations still requires
an in-depth study.

Recently, Loya et al. (2016) listed gaps, priorities, and
recommendations for future studies on MCEs, all of which
are relevant to octocorals, bearing in mind that the gaps in
our knowledge concerning this group are substantially
wider than those regarding stony corals. This study has
revealed for the first time the octocoral community features
of Eilat’s upper MCEs, which differ from those of both the
reef flat and the upper fore-reef zone. The MCEs were
found to host a higher number of species than the shallower
zones, although their species diversity was similar. Ques-
tions concerning the distributional range of octocorals with
depth, down to the lower limits of the mesophotic zone,
and the processes governing them, are still open.
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Coral reefs are in decline worldwide, which threatens
the food security of millions of people. Adopting an
ecosystem-scale approach that protects both deep and
shallow reefs would result not only in improving the state
of coral reefs, but also in social and economic benefits
(Bridge et al. 2013). In Eilat, which is extensively visited
by recreational divers and tourists alike (Zakai and Chad-
wick-Furman 2002), the shallow reefs are much more
susceptible to anthropogenic impact than the MCEs, which
so far have not been affected by recreational activities.
However, with the increased popularity of technical diving,
it is recommended to include the MCEs in future man-
agement and conservation initiatives. This study is the first
of its kind to be based on a thorough taxonomic knowledge,
thus providing comparative quantitative data at a species-
level resolution for octocoral communities from shallow
reefs to the mesophotic depth, while also highlighting the
almost exclusive dominance of zooxanthellate species on
the MCEs (30-45 m). These findings should encourage
similar studies in other regions, which will undoubtedly
shed light on the octocoral community features, spa-
tiotemporal nature, and dynamics and thereby contribute to
their conservation.
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