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Abstract Mesophotic coral reefs in the Indo-West Pacific,

the most diverse coral reef region on earth, are among the

least documented. This study provides the first detailed

investigation of the diversity of Scleractinia and Octocoral-

lia of the mesophotic Great Barrier Reef (GBR). Specimens

were collected by 100-m rock dredge tows at 47–163 m

depth on 23 sites in four regions (15.3�–19.7� latitude

South). Twenty-nine hard coral species from 19 families

were recorded, with the greatest diversity found at \60 m

depth, and no specimen was found[102 m. Many of these

species are also commonly observed at shallower depths,

particularly in inshore areas. Twenty-seven octocoral

genera were collected, 25 of which represented azooxan-

thellate genera. Generic richness of octocorals was highest

at depths[60 m. Sixteen of the 25 azooxanthellate genera

were either absent or very rare at \18 m, and only five

azooxanthellate genera were common on both shallow

and mesophotic reefs. Species-area models indicated that

the total diversity of hard corals on the deep mesophotic

reefs sampled during this study was *84 species while

octocorals were represented by *37 genera; however, the

wide 95% confidence limits indicates that more intensive

sampling effort is required to improve the accuracy of these

estimates. Nonetheless, these results show that the taxo-

nomic richness, particularly of hard corals, on mesophotic

reefs may be much higher than previously thought, a

finding that has implications for the comprehensive and

adequate protection of the full range of biodiversity of the

GBR.
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Introduction

Tropical coral reefs contain greater biodiversity than any

other marine ecosystem on earth (Veron 1995; Bellwood

and Hughes 2001). Although shallow-water coral reefs are

relatively well known, deeper reef habitats ([30 m) rep-

resent a significant gap in coral reef science. The occur-

rence of hermatypic corals on deep-water reefs has been

known for some time: Darwin (1842) reported collecting

corals to 128 m depth, while substantial deep-water col-

lections were made on Indo-Pacific atolls by Gardiner

(1903) and Vaughan (1907). The advent of SCUBA as the

primary means of collecting data on coral reefs, however,

has resulted in deeper reef habitats (below the depth limit

of traditional SCUBA) being largely neglected by both

scientists and management agencies in recent decades.
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The term mesophotic coral ecosystem (MCE) is used to

define reef communities that occur in the middle to lower

photic zone but which still contain phototrophic taxa,

particularly zooxanthellate Scleractinia (Kahng et al. 2010).

Early studies were conducted on a limited number of Indo-

Pacific MCEs using manned submersibles (Maragos and

Jokiel 1986; Colin 1986; Colin et al. 1986). Recent tech-

nological advances such as autonomous underwater vehi-

cles (AUVs), remotely operated vehicles (ROVs) and

closed-circuit rebreather diving have enabled the investi-

gation of MCEs in American Samoa (Bare et al. 2010),

Hawaii (Kahng and Kelley 2007), the Coral Sea (Bongaerts

et al. 2011) and the Great Barrier Reef (GBR) (Williams

et al. 2010; Bridge et al. 2011a, b). All have shown

mesophotic reef habitats to contain diverse benthic

communities, including unique depth-endemic species (e.g.,

Pyle et al. 2008). They may also provide refugia to shallow-

water coral reef species from the environmental stress such

light-enhanced warm water bleaching and severe tropical

cyclones (Glynn 1996; Riegl and Piller 2003; Bongaerts

et al. 2010). These studies have also shown that, not sur-

prisingly, MCE communities can vary considerably among

sites. Due to this diversity and data scarcity, few generali-

sations can be made regarding the composition of MCE

communities in the Indo-Pacific (Kahng et al. 2010).

Benthic habitat models combining multibeam bathym-

etry and backscatter reflectivity data with optical imagery

have become a popular tool for characterising the seafloor,

particularly in deep or remote habitats and/or over large

geographical scales (e.g., Kostylev et al. 2001; Hewitt et al.

2004). Remotely sensed data collected by ROV (Kahng

and Kelley 2007), AUV (Armstrong et al. 2006; Bridge

et al. 2011a, b) and towed video camera (Bare et al. 2010)

have all proved successful in providing optical imagery for

classifying MCE communities. However, detailed identi-

fication of many sessile benthic megafaunal taxa such as

corals and octocorals is often only possible using skeletal

features or genetics, and therefore, requires extractive

sampling. Many MCE taxa are either undescribed or rare in

shallow water, further complicating accurate identification

of remotely sensed images. Therefore, many studies of

MCE community ecology (particularly in species-rich or

poorly described regions such as the Indo-West Pacific)

lack detailed taxonomy. The specific aims of this study are

to provide (1) the first detailed taxonomic survey of the

most common groups of macrobenthos, Scleractinia and

Octocorallia (hard corals and octocorals hereafter), on

mesophotic reefs in the Great Barrier Reef World Heritage

Area (GBRWHA); (2) a comparison of diversity of

mesophotic reefs in the GBRWHA with previously studied

shallow-water reefs; and, (3) a reference for future studies

on MCEs in the poorly described but species-rich Indo-

West Pacific.

Materials and methods

Sampling took place in four regions along a 750 km sec-

tion of the GBR outer shelf (*15�–20�S) during Septem-

ber–October 2007 (Fig. 1). Specimens were collected using

a standard rock dredge from 48 to 163 m depth. Twenty-

three sites were sampled in total: three from the Ribbon

Reefs, seven from Noggin Pass, eight from Viper Reef

and five from Hydrographers Passage (Table 1). Detailed

bathymetric and AUV surveys provided targeted site

locations in each area (Webster et al. 2008). Dredges were

towed along the seafloor for 100 m parallel to depth

contours.

For hard corals, taxonomic identification was conducted

by microscopic inspection of bleached skeletons, refer-

enced to specimens from Veron and Pichon (1976, 1980,

1982), Veron et al. (1977), Veron and Wallace (1984),

Wallace (1999) and Veron (2000), housed in the Museum

of Tropical Queensland, Townsville, Australia. Location

data were referenced to known species ranges in Veron

(2000). The maximum depth at which coral species were

observed was compared with the maximum depth limit

reported by Carpenter et al. (2008) (Electronic Supple-

mental Material, ESM). Hard corals were identified to

species level where possible; however, in some cases,

identification was only possible to genus level; these corals

may represent new undescribed species or known species

that appear substantially different at mesophotic depths

than in shallower environments. Without collection of

further specimens, it was not possible to assign these

specimens (recorded as ‘‘sp.1’’) to described species.

Octocorals were identified by detailed examination of scle-

rites and colony morphology referenced to Fabricius and

Alderslade (2001). Octocorals were identified to genus level

because the majority of Indo-Pacific octocoral species are

not yet described (Fabricius and De’ath 2008). Mesophotic

diversity, as species or generic richness, respectively, was

compared to that of the shallow-water GBR reefs (\18 m

depth) using data presented in DeVantier et al. (2006) for

hard corals and Fabricius and De’ath (2008) for octocorals.

Species-area curves were generated to estimate total

species richness of hard corals and generic richness of

octocorals on the mesophotic GBR. Richness was esti-

mated using the Chao 2 richness estimator, which estimates

the true number of species in an assemblage based on the

number of rare species in the sample (Colwell and Codd-

ington 1994) with corresponding log-linear 95% confi-

dence intervals in the statistical program EstimateS v8.2.0

(Colwell 2006) using 500 random iterations. The Chao 2

index was used because of its suitability for small sample

sizes and requirement of only presence/absence data

(Colwell and Coddington 1994), which are all that are

obtainable from dredged fragments. For hard corals,
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Fig. 1 Location of study sites. White boxes indicate extent of area mapped during surveys. Dredge locations (Table 1) were chosen based on

bathymetry

Table 1 Location of dredge

sites (sorted by depth for each

site), and number of

scleractinian and octocoral taxa

retrieved

Dredge_# Latitude Longitude Area Mean depth

(m)

No. of

scleractinian

species

No. of

octocoral

genera

4 -15.49 145.82 Ribbon Reefs 47 4 1

2 -15.38 145.80 Ribbon Reefs 55 6 1

3 -15.38 145.80 Ribbon Reefs 70 4 10

9 -17.09 146.57 Noggin Pass 58 3 4

8 -17.10 146.57 Noggin Pass 60 1 3

6 -17.13 146.59 Noggin Pass 90 0 0

5 -17.13 146.59 Noggin Pass 101 0 1

7 -17.10 146.58 Noggin Pass 108 0 0

11 -17.09 146.57 Noggin Pass 109 0 7

10 -17.02 146.54 Noggin Pass 112 0 1

18 -18.88 148.44 Viper Reef 61 1 1

17 -18.88 148.45 Viper Reef 72 0 0

15 -18.88 148.45 Viper Reef 99 1 1

16 -18.88 148.45 Viper Reef 99 2 3

20 -18.89 148.49 Viper Reef 102 2 6

19 -18.88 148.49 Viper Reef 114 0 8

13 -18.78 148.20 Viper Reef 159 0 1

14 -18.78 148.20 Viper Reef 163 0 0

21 -19.69 150.23 Hydrographer Pass 55 18 9

22 -19.68 150.24 Hydrographer Pass 90 1 8

26 -19.79 150.46 Hydrographer Pass 104 0 7

25 -19.78 150.46 Hydrographer Pass 129 0 0

D24 -19.73 150.36 Hydrographer Pass 130 0 2
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species-area curves were calculated using the Classic Chao

2 equation (Colwell 2009, ESM Appendix 2)

ŜChao 2 ¼ Sobs þ
Q2

1

2Q2

where Sobs is the observed number of hard coral species,

Q1 is the number of species found in only one dredge, and

Q2 is the number of species found in two dredges. This is

the prescribed index when the estimated incidence distri-

bution CV is [0.5 (0.551 in the case of hard corals).

For octocorals (CV\0.5 in this case), the bias-corrected

Chao 2 equation was used:

ŜChao 2 ¼ Sobs þ
m� 1

m

� �
Q1 Q1 � 1ð Þ
2 Q2 þ 1ð Þ

� �

where m is the total number of samples.

Confidence limits were obtained using the equations:

Lower 95% bound ¼ Sobs þ
T

K

Upper 95% bound ¼ Sobs þ TK

where T ¼ ŜChao 2 � Sobs, and

K ¼ exp 1:96 log 1þ vârðŜChao 2Þ
T2

 !" #1=2
8<
:

9=
;

Multidimensional scaling (MDS) was used to explore

associations of corals, octocorals or both groups combined,

associated with particular regions, environmental properties

or depth zones. The following environmental variables of

each dredge site were included: latitude (recorded as 15�,

17�, 19� or 20�S for each of the four regions); depth (derived

from multibeam bathymetry), optical water clarity (Secchi

disk) and water column chlorophyll (as proxy for

productivity). The latter two variables were estimated for

each site using data from the AIMS e-atlas (http://

e-atlas.org.au/geoserver/wms, accessed 7 December 2010;

De’ath 2007). Normalised environmental variables were

analysed using the BIOENV function in PRIMER v 6

(Clarke and Gorley 2006) to reveal potential correlations

with the distribution patterns of hard corals, octocorals and

both assemblages combined. Similarity Percentages (SIM-

PER) analysis was conducted to identify the primary taxa

responsible for the variation between sites and depths.

Insight into bottom temperature at each site was obtained

using conductivity–temperature–depth (CTD) casts taken

during International Ocean Drilling Program (IODP)

Expedition 325 to drill the submerged reefs of the GBR outer

shelf in Expedition 325 Scientists (2010). Data were col-

lected from 11 separate CTD casts (four from Hydrographers

Passage from 3 to 6 March 2010, two from the Ribbon Reefs

on 22 March and five from Noggin Pass from 29 to 31

March) to a depth of *100 m (Webster et al. 2011).

Results

Hard corals were recorded at 11 of 23 sites at depths of

47–102 m, representing 29 species from 19 genera

(Table 2). Although dredges were conducted to 163 m

depth, no hard corals were collected deeper than 102 m.

Hard coral specimens have been assigned to 21 described

species, of which three—Acropora elegans, Leptoseris

striata and Pocillopora molokensis—represent the first

recorded occurrence of these species on the GBR according

to the distribution maps presented in Veron (2000) and

Wallace (1999). Most hard corals recorded in this study

were from \70 m depth, with only two genera, Leptoseris

and Echinophyllia, occurring deeper. Species-area model-

ling predicted that total species richness in the four regions

is *84 species (Fig. 2a). The wide range of 95% confi-

dence limits (46–213) indicates that an accurate estimate of

total richness requires further sampling effort.

Octocorals were collected in 19 of 23 dredges at depths

ranging from 47 to 159 m (Table 3). Of the 27 octocoral

genera collected, only two were obligate phototrophs

(zooxanthellate) (Lobophytum and Cespitularia). Both

were collected in a single dredge at Hydrographers Passage

from 55 m depth. A third genus, Junceella, has been shown

to contain both zooxanthellate and azooxanthellate species

(van Oppen et al. 2005). However, zooxanthellate colonies

are beige in colour while azooxanthellate ones are brightly

coloured. Both colonies of Junceella recorded in this study

were bright red, suggesting that they likely represent

azooxanthellate species despite occurring in shallower

dredges (55–70 m depth). The other 24 genera were obli-

gate heterotrophs (azooxanthellate) from 12 families.

At least five genera (Callogorgia, Heliania, Paracis,

Pteronisis and Pterostenella) represent the first records

from the GBR.

Octocoral richness was the highest at 60–120 m depth,

peaking at 100–120 m and dropping substantially below

120 m. Hydrographers Passage was the richest site (20

genera), although all sites contained at least 11 genera.

Three genera (Viminella, Siphonogorgia and Keroeides)

were recorded in all four regions, while a further eight were

recorded from three regions. Species-area modelling

(Fig. 2b) estimated that total generic richness of octocorals

on mesophotic reefs on the GBR is *37 genera (95%

confidence intervals: 30–69 genera).

Multidimensional scaling (Fig. 3) indicated that the

composition of dredge samples showed some relationship

with depth when placed into three broad depth bins: \60,

60–120 and [120 m. Dredges \60 m depth contained the

highest diversity of hard corals, ranging from four species

in dredges 4 and 9, up to 18 species in dredge 21, as well as

the two obligate zooxanthellate octocorals. No dredges

deeper than C60 m contained more than four hard coral

182 Coral Reefs (2012) 31:179–189
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species but instead yielded a range of azooxanthellate oc-

tocoral genera. SIMPER analysis indicated the key con-

tributors to the shallow group to be Acropora elegans,

Porites cf. lutea and Pachyseris speciosa, which together

accounted for 63% of the similarity within the group. For

the 60–120 m group, Siphonogorgia, Keroeides, Leptoseris

striata, Ellisella and Viminella contributed 60% of the

similarity within the group. However, similarity within

each of the two groups was low (16.5% for the \60 m

group and 15.5% for the 60–120 m group). Octocorals

were collected in only two of the four dredges from

[120 m, with no similarities within this group. The BIO-

ENV procedure indicated that the environmental variables

latitude, depth, water clarity and chlorophyll could not

sufficiently explain the observed distribution of hard coral

and octocoral taxa, although depth alone was the most

predictive combination of variables (0.235, P = 0.12).

Discussion

This study demonstrates that mesophotic reefs in the GBR

region contain diverse benthic megafaunal communities,

including several taxa previously not recorded from the

region. The data also suggest that other taxa considered

to be rare may be widespread at mesophotic depths. Zoo-

xanthellate hard corals were diverse and common above

60 m depth, while deeper reefs were dominated by azoo-

xanthellate suspension-feeding octocorals. The inability of

the environmental variables to explain the observed dis-

tribution is likely due to a combination of lack of repli-

cation of regions and sites, the inherent limitations of

dredge surveys, which are often biased towards species that

are easily broken off by the rock dredge, and a lack of

long-term environmental data from mesophotic reef

Table 2 List of Scleractinia. Also indicated is the depth range

recorded in this study

Family Identification Depth range (m)

Acroporidae Acropora cardenae 55

Acroporidae Acropora elegansa 47–55

Acroporidae Acropora sp. 1 55

Acroporidae Montipora foliosa 47

Acroporidae Montipora millepora 55–70

Acroporidae Montipora cf. tuberculosa 55

Acroporidae Montipora sp. 1 55

Agariciidae Leptoseris striataa 55–102

Agariciidae Leptoseris hawaiiensis 60–102

Agariciidae Leptoseris papyracea 55

Agariciidae Leptoseris scabra 70–99

Agariciidae Pachyseris speciosa 55–60

Agariciidae Pavona minuta 55

Faviidae Cyphastrea sp. 1 55

Faviidae Favites halicora 55

Fungiidae Diaseris distorta 55

Fungiidae Fungia cf. danae 55

Merulinidae Hydnophora exesa 55

Mussidae Cynarina sp. 1 70

Oculinidae Galaxea astreata 55

Pectiniidae Echinophyllia aspera 55–90

Pocilloporidae Pocillopora damicornis 55

Pocilloporidae Pocillopora molokensisa 55

Pocilloporidae Seriatopora hystrix 55

Pocilloporidae Stylophora pistillata 55

Poritidae Goniopora djboutiensis 58

Poritidae Porites cf. lutea 55–70

Poritidae Porites cf. myrmidonensis 47–55

Siderasteridae Coscinarea wellsi 58

a New record for the GBR

0
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Fig. 2 Species-area curves showing the observed number of species

(observations, grey line) and the estimated Chao 2 projection of total

species richness (black line) for hard corals (a) and generic richness

for octocorals (b) across all 23 sites using 500 random iterations. Grey
areas indicate 95% confidence limits
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habitats. Nonetheless, this study does provide the first

detailed information on coral and octocoral richness in a

largely unexplored coral reef habitat of the GBRWHA.

Given the latitudinal range of the study sites and the

depth range of the sampling, it is possible that temperature

may be an important determinant of species distributions.

Unfortunately, long-term temperature records do not exist;

however, some temperature data were collected by CTD

casts IODP Expedition 325 (Webster et al. 2011) and

indicate a strong thermocline occurring at depths[60 m at

Hydrographers Passage (Fig. 4). These data only represent

a ‘‘snapshot’’ and therefore no conclusions can be drawn

regarding the role of temperature in determining commu-

nity composition at the present time; however, it is possible

that upwelling of cold, nutrient-rich water may be an

important environmental control on some deeper mesoph-

otic reefs (Leichter and Genovese 2006).

Scleractinia

Richness predictions in the present study (84 species)

suggest that the richness estimates of Carpenter et al.

(2008), without the benefit of many depth distribution data,

are likely to be much too low. Maximum depth limits of

hard coral species presented in that study suggested only 30

coral species occur at C50 m depth and only 12 at C60 m.

Of those species, only one (Acropora elegans) was

observed in this study. This information suggests that hard

coral diversity on mesophotic reefs may be significantly

greater than previously reported, a finding that has

Table 3 List of octocoral genera

Family Genus A/Z Depth range (m)

Acanthogorgiidae Acanthogorgia A 102–115

Acanthogorgiidae Muricellaa A 57–70

Alcyoniidae Eleutherobiab A 129–130

Alcyoniidae Lobophytum Z 55

Clavulariidae Carijoab A 90

Ellisellidae Dichotellab A 102

Ellisellidae Ellisella A 55–113

Ellisellidae Helianiaa, c A 104

Ellisellidae Junceella Z/A 55–70

Ellisellidae Nicellaa A 70–101

Ellisellidae Verrucellab A 70–109

Ellisellidae Viminella A 55–113

Isididae Pteronisisa, c A 104

Keroeididae Keroeidesa A 70–112

Melithaeidae Acabaria A 47

Nephtheidae Dendronephthya A 55–130

Nidaliidae Chironephthyab A 104

Nidaliidae Siphonogorgia A 55–113

Parisidae Parisisa A 114

Plexauridae Astrogorgia A 55–113

Plexauridae Echinogorgia A 55–159

Plexauridae Paracisa, c A 70–113

Plexauridae Villogorgiab A 90–99

Primnoidae Callogorgiaa, c A 102-113

Primnoidae Pterostenellaa, c A 114

Subergorgiidae Annella A 54–105

Xeniidae Cespitularia Z 55

A azooxanthellate, Z zooxanthellate genus. Also indicated is the depth

range recorded in this study
a Absent from shallow-water surveys reported in Fabricius and

De’ath (2008)
b Rare: \20 specimens recorded in shallow-water surveys
c New record for GBR

Depth (m)
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Fig. 3 Multidimensional scaling plot based on the composition of

hard corals and octocorals recovered in each dredge. Letters represent

dredge location: RR Ribbon Reefs, NP Noggin Pass, VR Viper Reef,

HP Hydrographers Passage. Blue triangles indicate dredges with

mean depth \60 m deep, green circles 60–120 m and red diamonds
[120 m
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Fig. 4 Temperature versus depth plots for three of the four sites

sampled during the present study. Temperature data were collected on

a separate expedition to the shelf-edge reefs in March 2010
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implications for the comprehensive and adequate protec-

tion of the full range of biodiversity on the GBR.

The lack of knowledge of deeper reefs is highlighted by

the Acropora specimens collected during this study.

Despite the small sampling effort and paucity of speci-

mens, this study found large range extensions and one

heretofore extremely rare species. These include the first

Australian record of Acropora elegans, previously recor-

ded from reef wall habitats of central Indonesia (Wallace

1999; Veron 2000; and Museum of Tropical Queensland

collections). Collecting this species at 47–55 m depth in a

mesophotic reef slope habitat represents a large increase in

the species’ known geographic, depth and habitat ranges

and suggests that poor representation of A. elegans is due to

the depth limitations of SCUBA collections as well as

limited sampling effort in mesophotic habitats. This study

also presents the first specimen-confirmed record of

Acropora cardenae in Australia since its description by

Wells (1985) from samples dredged from mesophotic

depths in the GBR lagoon. Figure 5 shows A. cardenae

occurring as a dominant species in parts of the sampled

region (Hydrographers Passage) and provides the first in

situ photograph of the species from the GBR and possibly

the world, since the only other published field photograph

(Veron 2000, p. 419, from the Philippines) is not confirmed

by a specimen.

The maximum lower depth limit of zooxanthellate cor-

als is influenced to a large extent by optical water clarity

(Done 1983, 2011), while slope has also been shown to

affect coral community composition in deeper waters (e.g.,

Ohlhorst and Liddell 1988). Corals that can exist in low

light habitats may do so by means of efficient photoaccli-

mation (Fricke et al. 1987; Mass et al. 2007, 2010) and/or

increased reliance on heterotrophy (e.g., Muscatine et al.

1989; Anthony and Fabricius 2000). Species of Leptoseris

have been reported as common inhabitants of MCEs in the

Indo-Pacific to over 100 m depth (Wells 1954; Colin et al.

1986; Kahng and Kelley 2007), a finding that is supported

by this study and one of the few consistent patterns

recorded to date among MCE communities in the Indo-

Pacific region (Kahng et al. 2010). Clearly, Leptoseris spp.

possess morphological characteristics and physiological

mechanisms allowing them to exist in low light environ-

ments, although these remain poorly understood.

There is some evidence that some coral species may

increase their reliance on heterotrophy to provide a greater

Fig. 5 In-situ photograph of Acropora cardenae taken by autonomous underwater vehicle at a depth of *50 m at Hydrographers Passage

Coral Reefs (2012) 31:179–189 185
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proportion of nutritional requirements at mesophotic

depths (Leichter and Genovese 2006; Mass et al. 2007),

although the evidence for this is inconsistent (Alamaru

et al. 2009; Einbender et al. 2009). DeVantier et al. (2006)

suggest that heterotrophy may be an important character-

istic of corals, which dominate turbid inshore reefs; indeed,

many of these taxa (e.g., poritids, faviids and fungiids)

were recorded in the present study. A high heterotrophic

capacity in some coral species (e.g., Favia favus, Alamaru

et al. 2009) may therefore make them better able to survive

at mesophotic depths. Although modelled data for optical

water clarity and chlorophyll indicate the outer shelf

contains clear, oligotrophic water, upwelling may result in

elevated nutrient levels on mesophotic reefs in the GBR

(Wolanski and Pickard 1983). Furnas and Mitchell (1996)

observed significant upwelling events near Myrmidon Reef

in the central GBR, whereas Drew and Abel (1988) attri-

bute extensive meadows of the calcareous algae Halimeda

in the same region to localised nutrient upwelling. Similar

upwelling events in other locations along the GBR shelf

(e.g., Hydrographers Passage) may provide an important

source of nutrients for corals in such light-limited

environments.

DeVantier et al. (2006) examined diversity and com-

position of hard coral communities at 135 mainly inner-

shelf and mid-shelf reefs in the GBR, which provides an

interesting comparison with the present study. They

recorded a total of 362 coral species; however, the vast

majority were classed as rare or uncommon. Therefore,

many of these would be unlikely to have been collected in

the present study due to the low number of samples.

Moreover, DeVantier et al. (2006) reported the highest

coral diversity in the far northern GBR, including many

species that were rare or absent in surveys further to the

south. The far northern GBR was not sampled in the

present study, and further sampling effort on mesophotic

reefs in that region may lead to higher estimates of total

hard coral diversity on the GBR.

Octocorallia

Patterns of octocoral diversity observed in this study are

substantially different from those reported in an extensive

study of *150 shallow-water GBR reefs by Fabricius and

De’ath (2008). Data in that study were collected along

SCUBA transects that were roughly equivalent to those

sampled by the rock dredge (*100 m in both cases). Only

30 genera of heterotrophic octocorals were recorded in

1,257 shallow (B18 m) transects, whereas it took only 23

dredges in this survey to yield 25 genera. Richness of

heterotrophic octocorals on the shallow GBR is highly

variable but generally low in most areas: only 11% of the

1,257 shallow-water surveys recorded more than six genera

of heterotrophic octocorals and 48% recorded none at all.

In contrast, 30% of the deep dredges contained at least six

heterotrophic octocoral genera, and only 17% of dredges

recovered no octocorals.

Fabricius and De’ath (2008) also conclude that hetero-

trophic octocorals in shallow environments appear to have

relatively homogeneous habitat requirements. However,

the turnover of heterotrophic octocoral genera in this study

suggests that many mesophotic taxa likely possess different

habitat requirements to those commonly encountered in

shallow water. For example, only five obligate heterotro-

phic genera collected in the dredges are also common (i.e.,

occur in [100 transects in Fabricius and De’ath 2008) on

shallow-water reefs: Annella, Astrogorgia, Ellisella, Den-

dronephthya and Viminella, in addition to Junceella, which

contains both heterotrophic and phototrophic species.

All of these genera were recorded at multiple sites and to

depths over 100 m, suggesting they have broad ecological

niches enabling them to survive in a wide range of habitats.

Similarly, some of the most common heterotrophic taxa in

shallow water (e.g., Subergorgia) were not recorded in this

study. Nine genera (Callogorgia, Heliania, Keroeides,

Muricella, Nicella, Paracis, Parisis, Pteronisis and Pter-

ostenella) identified in this study were not recorded in the

shallow transects, while a further six (Eleutherobia, Cari-

joa, Dichotella, Verrucella, Chironephthya and Villogor-

gia) were recorded on \20 of 1,257 shallow transects.

In contrast to the limited geographic ranges of many

heterotrophic octocoral genera in shallow waters (Fabricius

and De’ath 2008), most genera in this study were wide-

spread, with 17 of 25 genera occurring at two or more sites.

Heterotrophic octocoral richness on shallow-water reefs is

highest in the far northern GBR in inshore regions with

high water column productivity and is strongly correlated

to depth and water flow but negatively correlated with

wave energy (Fabricius and De’ath 2008). Only in the far

northern GBR region are rich communities of heterotrophic

octocorals found on shallow offshore reefs. These results

suggest that the occurrence of heterotrophic octocorals in

shallow waters is strongly influenced by temperature, wave

energy and exposure to cyclones. Only in the far north,

where temperatures are warm and cyclones are rare, can

rich communities of heterotrophic octocorals occur on

offshore reefs in shallow waters. However, in this study,

heterotrophic octocoral richness was still high at the most

southerly site, with 20 genera recorded at Hydrographers

Passage. The depth of the mesophotic reefs likely provides

protection from storms, creating an ideal habitat for het-

erotrophic octocorals and explaining their widespread dis-

tribution in deeper waters. In addition, GBR MCEs may

experience strong currents resulting from a combination of

low-frequency longshore and semidiurnal tidal components

(Wolanski and Pickard 1983). Particularly strong currents
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were observed both at the surface and near the seabed at

Hydrographers Passage during the offshore drilling phase

of the International Ocean Drilling Program Exp. 325 to

the GBR, although quantitative data were not collected

(Expedition 325 Scientists 2010). Such strong currents

promote suspension feeding and are associated with fast

growth rates in heterotrophic octocorals (Fabricius et al.

1995a, b) and likely contribute to their high diversity sites

such as at Hydrographers Passage.

Significance of mesophotic reefs

This study reveals information about mesophotic reefs that

is important for understanding of coral reef ecosystems as a

whole. Firstly, mesophotic reefs do support coral species

that are rare or absent in shallow waters, adding to the total

species pool represented in the GBR. Secondly, mesophotic

reefs extend the range of species that also occur on shal-

lower reefs and may therefore provide refugia from envi-

ronmental disturbances that affect shallow reefs. Although

very little is known about vertical connectivity of corals

(Bongaerts et al. 2010), there is some evidence indicating

that deep reef habitats may, in some cases, provide a source

of colonists to replenish shallow-water reef habitats after

depletion by disturbance events (van Oppen et al. 2011).

Many species recorded from [ 50 m depth in this study

(e.g., Seriatopora hystrix, Echinophyllia aspera, Favites

halicora, Montipora foliosa and Galaxea astreata) are

common over a wide variety of reef habitats and depth

ranges (Veron 2000) and as such represent ‘‘depth-gener-

alist’’ species. Based on their distribution patterns alone,

this would make them suitable candidates to recolonise

reefs that have suffered coral mortality from disturbances

such as bleaching and cyclones. The upper mesophotic

zone (30–60 m) was only partially sampled in this study

(four dredges at 47–60 m), but likely supports an even

greater range of hard coral species. Further studies

of both coral species diversity and vertical connectivity

of coral populations are required before the question of

refugia can be accurately addressed; however, the results of

this study suggest that MCEs should be given greater

consideration by both scientists and managers examining

connectivity and resilience in the GBR ecosystem.

Acknowledgments We acknowledge the captain and crew of the

RV Southern Surveyor for their outstanding work on the cruise.

The project was funded by the Australian Marine National Facility,

the Integrated Marine Observing System, the National Geographic

Society, the Natural Environment Research Council, the Great Barrier

Reef Marine Park Authority’s Science for Management Awards and

the School of Earth and Environmental Science, James Cook Uni-

versity. We would also like to thank Zena Dinesen for her time

assisting with the taxonomy of the Leptoseris specimens, and Phil

Alderslade for his assistance with the octocorals. We gratefully

acknowledge Adella Edwards and Iain Faichney for their assistance

with preparing figures, Erika Woolsey for her help cataloguing the

specimens at sea, and Ari Stypel, Scott Hansen, Alex Brazenor and

Michael Kramer for their assistance in the laboratory.

References

Alamaru A, Loya Y, Brokovich E, Yam R, Shemesh A (2009) Carbon

and nitrogen utilization in two species of Red Sea corals along a

depth gradient: insights from stable isotope analysis of total

organic materials and lipids. Cheochim Cosmochim Acta

73:5333–5342

Anthony KRN, Fabricius KE (2000) Shifting roles of heterotrophy

and autotrophy in coral energetics under varying turbidity. J Exp

Mar Biol Ecol 252:221–253

Armstrong RA, Singh H, Torres J, Nemeth RS, Can A, Roman C,

Eustice R, Riggs L, Garcia-Moliner G (2006) Characterizing the

deep insular shelf coral reef habitat of the Hind Bank marine

conservation district (US Virgin Islands) using the seabed

autonomous underwater vehicle. Cont Shelf Res 26:194–205

Bare AY, Grimshaw KL, Rooney JJ, Sabater MG, Fenner D, Carroll

B (2010) Mesophotic communities of the insular shelf at Tutuila,

American Samoa. Coral Reefs 29:369–377

Bellwood DR, Hughes TP (2001) Regional-scale assembly rules and

biodiversity of coral reefs. Science 292:1532–1534

Bongaerts P, Ridgway T, Sampayo EM, Hoegh-Guldberg O (2010)

Assessing the ‘deep reef refugia’ hypothesis: focus on Caribbean

reefs. Coral Reefs 29:309–327

Bongaerts P, Bridge T, Kline DI, Muir PR, Wallace CC, Beaman RJ,

Hoegh-Guldberg O (2011) Mesophotic coral ecosystems on the

walls of Coral Sea atolls. Coral Reefs 30:335

Bridge TCL, Done TJ, Beaman RJ, Friedman A, Williams SB, Pizarro

O, Webster JM (2011a) Topography, substrate and benthos

relationships on a tropical mesophotic shelf margin. Coral Reefs

30:143–153

Bridge TCL, Done TJ, Friedman A, Beaman RJ, Williams SB, Pizarro

O, Webster JM (2011b) Variability in mesophotic coral reef

communities along the Great Barrier Reef. Mar Ecol Prog Ser

428:63–75

Carpenter KE, Abrar M, Aeby G, Aronson RB, Banks S, Bruckner A,

Chiriboga A, Cortes J, Delbeek JC, DeVantier LM, Edgar GJ,

Edwards AJ, Fenner D, Guzman HM, Hoeksema BW, Hodgson

G, Johan O, Licuanan WY, Livingstone SR, Lovell ER, Moore

JA, Obura DO, Ochavillo D, Polidoro BA, Precht WF, Quibilan

MC, Reboton C, Richards ZT, Rogers AD, Sanciangco J,

Sheppard A, Sheppard C, Smith J, Stuart S, Turak E, Veron JEN,

Wallace CC, Weil E, Wood E (2008) One-third of reef-building

corals face elevated extinction risk from climate change and

local impacts. Science 321:560–563

Clarke KR, Gorley RN (2006) PRIMER v6: user manual/tutorial.

PRIMER-E: Plymouth, UK

Colin PL (1986) Benthic community distribution in the Enewetak

Atoll lagoon, Marshall Islands. Bull Mar Sci 38:129–143

Colin PL, Devaney DM, Hillis-Colinvaux L, Suchanek TH, Harrison

JT III (1986) Geology and biological zonation of the reef slope,

50–360 m depth at Enewetak Atoll, Marshall Islands. Bull Mar

Sci 38:111–128

Colwell RK (2006) EsimateS: statistical estimation of species richness

and shared species from samples. Version 8. Persistent URL

(purl.oclc.org/estimates)

Colwell RK (2009) EstimateS 8.2 user’s guide. http://viceroy.eeb.

uconn.edu/EstimateSPages/EstSUsersGuide/EstimateSUsers

Guide.htm#Chao1

Colwell RK, Coddington JA (1994) Estimating terrestrial biodiversity

through extrapolation. Philos Trans R Soc Lond B 345:101–118

Coral Reefs (2012) 31:179–189 187

123

http://viceroy.eeb.uconn.edu/EstimateSPages/EstSUsersGuide/EstimateSUsersGuide.htm#Chao1
http://viceroy.eeb.uconn.edu/EstimateSPages/EstSUsersGuide/EstimateSUsersGuide.htm#Chao1
http://viceroy.eeb.uconn.edu/EstimateSPages/EstSUsersGuide/EstimateSUsersGuide.htm#Chao1


Darwin C (1842) The structure and distribution of coral reefs. Smith,

Elder & Co., London, UK

De’ath G (2007) The spatial, temporal and structural composition of

water quality of the Great Barrier Reef, and indicators of water

quality and mapping risk. Report to the Marine and Tropical

Sciences Research Facility. Reef and Rainforest Research Centre

Limited, Cairns, Queensland, Australia 71 pp (available at

http://www.rrrc.org.au/publications/downloads/115-AIMS-Death-

2007-WQ-on-GBR.pdf)

DeVantier LM, De’ath G, Turak E, Done TJ, Fabricius KE (2006)

Species richness and community structure of reef-building corals

on the nearshore Great Barrier Reef. Coral Reefs 25:329–340

Done TJ (1983) Coral zonation: its nature and significance. In: Barnes

DJ (ed) Perspectives on coral reefs. Brian Clouston Publishing,

Canberra, Australia, pp 107–147

Done TJ (2011) Corals—environmental controls on growth. In:

Hopley DJ (ed) Encyclopaedia of modern coral reefs. Springer,

Dordrecht, pp 281–293

Drew EA, Abel KM (1988) Studies on Halimeda I. The distribution

and species composition of Halimeda meadows throughout the

Great Barrier Reef province. Coral Reefs 6:195–205

Einbender S, Mass T, Brokovich E, Dubinsky Z, Erez J, Tchernov D

(2009) Changes in the morphology and diet of the coral

Stylophora pistillata along a depth gradient. Mar Ecol Prog

Ser 381:167–174

Expedition 325 Scientists (2010) Great Barrier Reef environmental

changes: the last deglacial sea level rise in the South Pacific:

offshore drilling northeast Australia. IODP preliminary. Report,
325. doi:10.2204/iodp.pr.325.2010

Fabricius KE, Alderslade P (2001) Soft corals and sea fans: a

comprehensive guide to the tropical shallow-water genera of the

central-west Pacific, the Indian Ocean and the Red Sea.

Australian Institute of Marine Science, Townsville, p 264

Fabricius KE, De’ath G (2008) Photosynthetic symbionts and energy

supply determine octocoral biodiversity in coral reefs. Ecology

89:3163–3173

Fabricius KE, Benayahu Y, Genin A (1995a) Herbivory in asymbiotic

soft corals. Science 268:90–92

Fabricius KE, Genin A, Benayahu Y (1995b) Flow-dependent

herbivory and growth in zooxanthellae-free soft corals. Limnol

Oceanogr 40:1290–1301

Fricke HW, Vareschi E, Schlicter D (1987) Photoecology of the coral

Leptoseris fragilis in the Red Sea twilight zone (an experiment

study by submersible). Oecologia 73:371–381

Furnas MJ, Mitchell AW (1996) Nutrient inputs into the central Great

Barrier Reef (Australia) from subsurface intrusions of Coral Sea

waters: a two-dimensional displacement model. Cont Shelf Res

16:1127–1148

Gardiner JS (1903) The Maldive and Laccadive groups, with notes on

other coral formations in the Indian Ocean. In: Gardiner JS (ed)

The fauna and geography of the Maldive and Laccadive

archipelagoes. Cambridge University Press, Cambridge,

pp 146–183

Glynn PW (1996) Coral reef bleaching: facts, hypotheses and

implications. Global Change Biol 2:495–509

Hewitt JE, Thrush SF, Legendre P, Funnell GA, Ellis J, Morrison M

(2004) Mapping of marine soft-sediment communities: integrated

sampling for ecological interpretation. Ecol Appl 14:1203–1216

Kahng SE, Kelley CD (2007) Vertical zonation of megabenthic taxa

on a deep photosynthetic reef (50–140 m) in the Au’au Channel,

Hawaii. Coral Reefs 26:679–687

Kahng SE, Garcia-Sais JR, Spalding HL, Brokovich E, Wagner D,

Weil E, Hinderstein L, Toonen RJ (2010) Community ecology of

coral reef ecosystems. Coral Reefs 29:255–275

Kostylev VE, Todd BJ, Fader GBJ, Courtney RC, Cameron GDM,

Pickrill RA (2001) Benthic habitat mapping on the Scotian shelf

based on multibeam bathymetry, surficial geology and sea floor

photographs. Mar Ecol Prog Ser 219:121–137

Leichter JJ, Genovese SJ (2006) Intermittent upwelling and subsi-

dized growth of the scleractinian coral Madracis mirabilis on the

deep fore-reef slope of Discovery Bay, Jamaica. Mar Ecol Prog

Ser 316:95–103

Maragos JE, Jokiel PL (1986) Reef corals of Johnston Atoll: one of

the world’s most isolated reefs. Coral Reefs 4:141–150

Mass T, Einbinder S, Brokovich E, Nadav S, Vago R, Erez J,

Dubinsky Z (2007) Photoacclimation of Stylophora pistillata to

light extremes: metabolism and calcification. Mar Ecol Prog Ser

334:93–102

Mass T, Kline DI, Roopin M, Veal CJ, Cohen S, Iluz D, Levy O

(2010) The spectral quality of light is a key driver of

photosynthesis and photoadaptation in Stylophora pistillata
colonies from different depths in the Red Sea. J Exp Biol

213:4084–4091

Muscatine L, Falkowski PG, Dubinsky Z, Cook PA, McCloskey LR

(1989) The effect of external nutrient resources on the popula-

tion dynamics of zooxanthellae in a reef coral. Proc R Soc Lond

B 236:311–324

Ohlhorst SL, Liddell WD (1988) The effects of substrate microto-

pography on reef community structure at 60–120 m. Proc 8th Int

Coral Reef Symp 3:355–360

Pyle RL, Earle JL, Greene BD (2008) Five new species of the

damselfish genus Chromis (Perciformes: Labroidei: Pomacentri-

dae) from deep coral reefs in the tropical western Pacific.

Zootaxa 1671:3–31

Riegl B, Piller WE (2003) Possible refugia for reefs in times of

environmental stress. International Journal of Earth Sciences
92:520–531

Van Oppen MJH, Mieog JC, Sanchez CA, Fabricius KE (2005)

Diversity of algal endosymbionts (zooxanthellae) in octocorals:

the roles of geography and host relationships. Mol Ecol

14:2403–2417

Van Oppen MJH, Bongaerts P, Underwood JN, Peplow LM, Cooper

TF (2011) The role of deep reefs in shallow reef recovery: an

assessment of vertical connectivity in a brooding coral from west

and east Australia. Mol Ecol 20:1647–1660

Vaughan TW (1907) Recent Madreporaria of the Hawaiian Islands

and Laysan. US Natl Museum Bull 59:1–427

Veron JEN (1995) Corals in space and time: the biogeography and

evolution of the Scleractinia. UNSW Press, Sydney

Veron JEN (2000) Corals of the world. Australian Institute of Marine

Science, Townsville

Veron JEN, Pichon M (1976) Scleractinia of Eastern Australia. Part I.

Families Thamnasteriidae, Astrocoeniidae, Pocilloporidae. Aust

Inst Mar Sci Monogr Ser 1, Townsville

Veron JEN, Pichon M (1980) Scleractinia of Eastern Australia. Part

III. Families Agariciidae, Siderastreidae, Fungiidae, Oculinidae,

Merulinidae, Mussidae, Pectiniidae, Caryophylliidae, Dend-

rophylliidae. Aust Inst Mar Sci Monogr Ser 4, Townsville

Veron JEN, Pichon M (1982) Scleractinia of Eastern Australia. Part

IV. Family Poritidae. Aust Inst Mar Sci Monogr Ser 5,

Townsville

Veron JEN, Wallace CC (1984) Scleractinia of Eastern Australia. Part

V. Family Acroporidae. Aust Inst Mar Sci Monogr Ser 6,

Townsville

Veron JEN, Pichon M, Wijsman-Best M (1977) Scleractinia of

Eastern Australia. Part II. Families Faviidae, Trachyphylliidae.

Aust Inst Mar Sci Monogr Ser 3, Townsville

Wallace CC (1999) Staghorn corals of the world. CSIRO Publishing,

Collingwood, Victoria

Webster JM, Davies PJ, Beaman RJ, Williams SB, Byrne M (2008)

Evolution of drowned shelf-edge reefs in the GBR; implications

for understanding abrupt climate change, coral reef response and

188 Coral Reefs (2012) 31:179–189

123

http://www.rrrc.org.au/publications/downloads/115-AIMS-Death-2007-WQ-on-GBR.pdf
http://www.rrrc.org.au/publications/downloads/115-AIMS-Death-2007-WQ-on-GBR.pdf
http://dx.doi.org/10.2204/iodp.pr.325.2010


modern deep water benthic habitats-RV Southern Surveyor

voyage summary, Mar Natl Facil, Hobart, Tasmania, p 18

(available at http://www.marine.csiro.au/national-facility/voyage

docs/2007/summarySS07-2007.pdf)

Webster JM, Yokoyama Y, Cotterill C, and Expedition 325 Scientists

(2011) Proceedings of the integrated ocean drilling program 325.

doi:10.2204/iodp.proc.325.2011

Wells JW (1954) Recent corals of the Marshall Islands, Bikini and

nearby atolls. US Geological Survey Paper 260, pp 385–486

Wells JW (1985) Notes on Indo-Pacific scleractinian corals. Part 11.

A new species of Acropora from Australia. Pac Sci 39:338–339

Williams SB, Pizarro O, I, Webster JM, Beaman RJ, Mahon, Johnson-

Roberson M, Bridge TCL (2010) AUV-assisted surveying of

drowned reefs on the shelf edge of the Great Barrier Reef,

Australia. Journal of Field Robotics 27:675–697

Wolanski E, Pickard GL (1983) Upwelling by internal tides and

Kelvin waves at the continental shelf break of the Great Barrier

Reef. Aust J Mar Freshw Res 34:65–80

Coral Reefs (2012) 31:179–189 189

123

http://www.marine.csiro.au/national-facility/voyagedocs/2007/summarySS07-2007.pdf
http://www.marine.csiro.au/national-facility/voyagedocs/2007/summarySS07-2007.pdf
http://dx.doi.org/10.2204/iodp.proc.325.2011

	Diversity of Scleractinia and Octocorallia in the mesophotic zone of the Great Barrier Reef, Australia
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Scleractinia
	Octocorallia
	Significance of mesophotic reefs

	Acknowledgments
	References


