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Abstract The Great Barrier Reef (GBR) is the world’s

largest coral reef ecosystem. Crustose coralline algae

(CCA) are important contributors to reef calcium carbonate

and can facilitate coral recruitment. Despite the importance

of CCA, little is known about species-level distribution,

abundance, and diversity, and how these vary across the

continental shelf and key habitat zones within the GBR.

We quantified CCA species distributions using line tran-

sects (n = 127) at 17 sites in the northern and central

regions of the GBR, distributed among inner-, mid-, and

outer-shelf regions. At each site, we identified CCA along

replicate transects in three habitat zones: reef flat, reef

crest, and reef slope. Taxonomically, CCA species are

challenging to identify (especially in the field), and there is

considerable disagreement in approach. We used

published, anatomically based taxonomic schemes for

consistent identification. We identified 30 CCA species

among 12 genera; the most abundant species were Por-

olithon onkodes, Paragoniolithon conicum (sensu Adey),

Neogoniolithon fosliei, and Hydrolithon reinboldii. Sig-

nificant cross-shelf differences were observed in CCA

community structure and CCA abundance, with inner-shelf

reefs exhibiting lower CCA abundance than outer-shelf

reefs. Shelf position, habitat zone, latitude, depth, and the

interaction of shelf position and habitat were all signifi-

cantly associated with variation in composition of CCA

communities. Collectively, shelf position, habitat, and their

interaction contributed to 22.6 % of the variation in cor-

alline communities. Compared to mid- and outer-shelf

sites, inner-shelf sites exhibited lower relative abundances

of N. fosliei and Lithophyllum species. Reef crest habitats

exhibited greater abundance of N. fosliei than reef flat and

reef slope habitats. Reef slope habitats exhibited lower

abundance of P. onkodes, but greater abundance of Neo-

goniolithon clavycymosum than reef crest and reef slope

habitats. These findings provide important data on CCA

distribution within the GBR and reinforce the fundamental

role of cross-shelf variation and diverse habitat zones as

contributors to the biodiversity of the GBR.
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Introduction

Spanning a length of 2,300 km across 14� of latitude and

containing almost 3,000 distinct reefs (Great Barrier Reef

Marine Park Authority 2009), the Great Barrier Reef
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(GBR) is the world’s largest coral reef ecosystem. Reefs of

the GBR vary longitudinally across the continental shelf—

inshore and fringing reefs, mid-shelf reefs, and outer-shelf

reefs—each comprising a variety of habitats and depths.

Differences in oceanographic and environmental condi-

tions across the continental shelf create substantial diver-

sity in reef habitats. This diversity and complexity

contributes to the outstanding value and importance of the

GBR (Lucas et al. 1997).

Although coral reef ecosystems possess the highest

phyletic diversity of any ecosystem (Connell 1978), they

are also among the world’s most vulnerable to environ-

mental change (Pandolfi et al. 2011), and threats of species

extinction are unusually high (Carpenter et al. 2008). In the

last 27 yr, the GBR has lost 25–50 % of its coral cover

(Bruno and Selig 2007; De’ath et al. 2012). There are many

threats to coral reefs operating at local and global scales

(Burke et al. 2011). The two predominant calcifying groups

on coral reefs are hard corals and non-geniculate crustose

coralline algae (CCA) (Adey and Macintyre 1973), both of

which are sensitive to increasing sea temperatures and

ocean acidification (Kleypas et al. 1999; Hoegh-Guldberg

et al. 2007; Pandolfi et al. 2011; Kroeker et al. 2013).

While numerous studies have detailed the distribution and

abundance of hard corals at the species level across the

GBR (e.g., Done 1982), no such study has done this for

CCA.

CCA are among the most abundant organisms to occupy

hard substrates within the marine photic zone. They are

distributed worldwide, from the high arctic through the

tropics and from the intertidal zone to the deepest depths

recorded for any attached autotroph (Littler et al. 1985;

Steneck 1986). The distribution of particular genera or

species is influenced by environmental factors such as

depth, water motion, light intensity, and temperature

(Steneck and Adey 1976; Adey et al. 1982; Steneck 1986;

Lund et al. 2000). In tropical regions, CCA build algal

ridges (Steneck et al. 1997) and can contribute to primary

productivity on reefs (Chisholm 2003). Certain species of

CCA induce metamorphosis and settlement of reef corals

(Harrington et al. 2004), while other species can inhibit

coral settlement (Ritson-Williams et al. 2009a). As a group,

CCA have an excellent geological record because they

readily colonize dead corals and become fossilized into

reef rock. This allows palaeontologists to better interpret

past marine environments (e.g., Macintyre et al. 2001;

Pandolfi et al. 2006). Certain CCA species are excellent

indicators of sea level at wave exposed sites (Steneck and

Adey 1976) or indicate specific cryptic environments of the

past that no longer persist due to human activities (Mac-

intyre et al. 2001).

Coralline algae taxonomy is in a state of flux, and this

impedes progress in ecological studies. Earlier estimates of

31–34 genera, incorporating 500 species (Steneck 1986),

have changed and will continue to change in the light of

rapidly evolving phylogenetic schemes based on molecular

genetics (Bittner et al. 2011; Kato et al. 2011). Field

identification of CCA species is especially difficult because

it requires knowing specialized anatomical and morpho-

logical characteristics; these are also sources of debate

among taxonomists. As a result, few studies have described

this group’s ecology or community structure at the species

level for coral reef ecosystems in general, and the GBR in

particular (Steneck 1986; Daume et al. 1999; but see

Ringeltaube and Harvey 2000 for Heron Island on the

GBR).

Most ecological studies to date simply pool CCA as a

functional group. However, many CCA species differ with

respect to their ecosystem function and their sensitivity to

environmental gradients. For example, while the species

Titanoderma prototypum facilitates both coral settlement

and recruitment (Harrington et al. 2004), the far more

abundant species, Porolithon onkodes, inhibits both (Price

2010). Examining composition of coralline communities

not only informs our understanding of CCA ecology in the

GBR, but it also allows us to detect important community

shifts that may not be observed examining CCA per cent

cover alone.

Despite their high diversity and importance to coral

reefs, little is known about the spatial distribution of CCA

within reef ecosystems, and how their community structure

changes among coral reef habitats. The GBR offers a broad

palette to study CCA within a reef ecosystem by providing

substantial gradients in depth, latitude, and position along

the continental shelf. The primary aim of this study was to

quantify abundance and distribution of CCA species and

morphological groups across the northern and central GBR.

Secondary aims were to identify how shelf position and

other available environmental factors (latitude, longitude,

depth, and habitat zone) influence abundance, richness,

diversity, and per cent cover of CCA and to examine dif-

ferences in community structure across shelf position and

other environmental gradients.

Methods

Study sites

Surveys were conducted at 17 sites across the northern

(14.68–13.48�S) and central (18.81–18.25�S) regions of the

GBR. These sites were selected from the sites of the

Australian Institute of Marine Science Monitoring Pro-

gram. Seven inner-shelf sites (Hannah, Hay, Heath, Mac-

Donald, and Pandora reefs, and two sites at Wilke Reef),

six mid-shelf sites (Britomart, Ogilvie, John Brewer, and
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Rib reefs, and two sites at Lizard Island), and four outer-

shelf sites (Hicks reef, Myrmidon reef, and two sites at

Yonge reef) were surveyed (Fig. 1).

Survey methods

For each site, quantitative surveys were taken using in situ

transects that were placed in three habitat zones: reef flat,

reef crest, and reef slope. Reef flat and reef crest sites were

sampled on their seaward edge. CCA can be patchily dis-

tributed along transects; as a result, point-intercept methods

could under-sample, especially the more rare species

(Dethier et al. 1993). Therefore, we used line-intercept

transect methods, modified after Benayahu and Loya

(1981). Specifically, 10-m transects were replicated paral-

lel to depth contours and stretched taut across the reef

surface. This method quantifies all CCA organisms living

on hard surfaces. When individual organisms overlapped,

the portion of each individual exposed along the transect

length was counted. CCA were provisionally identified to

species level in situ, collected, and identified or verified to

species level in the laboratory. Only conspicuous and

Fig. 1 Map of survey sites in

the northern and central regions

of the Great Barrier Reef,

Queensland, Australia
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unmistakable species were not collected upon each

encounter (e.g., Neogoniolithon fosliei, P. onkodes, and

Lithothamnion prolifer). Due to logistical challenges

emerging in the field, not all sites contributed data from the

full range of habitat zones (Table 1). Data were collected

from a total of 127 transects.

Rationale for taxonomic scheme

In this study, we use a conservative taxonomic approach.

CCA taxonomy has been in flux since the late nineteenth

century. Since the 1970s, two schools developed, with very

different taxonomic schemes. By the 1980s, several abun-

dant CCA genera had been determined to be synonymous

with other genera, only to have those generic combinations

later reversed. For example, the anatomically and mor-

phologically distinctive genus Porolithon was considered

the most abundant CCA on Indo-Pacific reefs where it

dominated shallow zones and built algal-ridge bioherms

(e.g., Littler and Doty 1975). Species of Porolithon com-

monly inhibit coral recruitment. In contrast, the rhodolith-

forming and deep-water genus Hydrolithon (Adey et al.

1982) facilitates coral settlement (Ritson-Williams et al.

2009b). Despite anatomical, morphological, ecological,

and geological differences, those two genera were once

combined into a third genus Spongites (Penrose and

Woelkerling 1988). A subsequent reassessment determined

that Spongites was distinct from Hydrolithon, which still

included Porolithon (Penrose and Woelkerling 1992).

More recent molecular studies determined that Porolithon

and Hydrolithon are distinct ‘unrelated’ genera (Bittner

et al. 2011). A result of these polyphyletic combinations,

from the late 1980s to until very recently, is the loss of

resolution among studies that identified CCA taxa only to

genus (e.g., Hydrolithon sp.) in those years.

Another synonymy involved the abundant species Para-

goniolithon conicum (sensu Adey et al. 1982). This thick

species possesses a massive coaxial hypothallus. However, P.

conicum was combined into the genus Pneophyllum (Keats

et al. 1997). Diagnostic generic characters of Pneophyllum are

that they are very thin (fewer than 50 cells thick) and never

possess a coaxial hypothallus (Penrose and Woelkerling

1991). Because of this, we prefer to retain the combination for

Paragoniolithon proposed by Adey et al. (1982).

It was originally thought that anatomical features called

trichocytes (large hair cells) possessed no taxonomic value

(Penrose and Woelkerling 1988); this contributed to the

synonomy of Porolition and Paragoniolithon. However,

studies found that genetically distinct genera corresponded

well with these anatomical characteristics. The tight cluster

of trichocytes within fields clearly differentiated the genus

Porolithon (Kato et al. 2011); the widely scattered tricho-

cytes of Hydrolithon are distinct from the loose trichocyte

field of Paragoniolithon (Bittner et al. 2011).

Table 1 Surveys sites, number of transects, and depth range (m), within habitat zone

Shelf position Site Number

of transects

Number of transects (depth range) Per cent cover

data available
Reef flat Reef crest Reef slope

Inner Haya 8 3 (0.61) 3 (1.22) 2 (5.49–8.84) N

Heatha 8 3 (1.83–2.44) 3 (3.66–5.49) 2 (10.1–11.0) N

Wilke1a 8 3 (0.61) 3 (1.22–2.13) 2 (4.88–7.01) N

Hannah 5 0 2 (1.52) 3 (6.10–8.23) N

MacDonald 6 0 3 (2.74–3.96) 3 (7.32–8.84) N

Pandora 6 0 3 (2.74–4.57) 3 (10.1–11.9) Y

Wilke2 7 3 (1.52) 3 (3.35–3.66) 1 (7.92) N

Mid John Brewera 9 3 (1.83–2.44) 3 (4.57) 3 (12.8–14.0) Y

Lizard1a 10 3 (1.22–1.52) 3 (4.27) 4 (9.5–14.9) Y

Riba 9 3 (1.52–1.83) 3 (4.27–4.88) 3 (14.0–14.9) Y

Britomart 7 NA NA NA N

Ogilvie 7 1 (1.83) 3 (2.74–3.35) 3 (11.6–14.9) Y

Lizard2 4 0 2 (3.05–3.96) 2 (10.4–10.7) Y

Outer Myrmidona 10 3 (2.44–4.27) 4 (4.57–7.01) 3 (16.8–18.3) Y

Yonge2a 9 3 (1.22–1.83) 3 (3.96–4.57) 3 (30.2–30.5) Y

Hicks 6 0 3 (2.74–5.79) 3 (12.2–14.6) Y

Yonge1 3 0 1 (4.88) 2 (18.3–19.8) Y

a Sites contributing to ‘more balanced’ data subset
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Polyphyletic groupings are problematic for studying

diversity. Nevertheless, there is a steady increase in reports

revealing the existence of ‘cryptic species’—distinct and

reproductively isolated species that cannot be differentiated

using conventional taxonomic methods (Bickford et al.

2007). This invariably results in local diversity being under-

estimated. Pooling unrelated genera exacerbates the problem

by creating cryptic genera, and results in a scientific impasse

(e.g., ‘Hydrolithon spp’ in papers from the past decade could

include ecologically and taxonomically distinct genera).

Molecular genetic studies suggest that at least some of the

recently abandoned anatomical characters do have taxonomic

value. For this study, we chose to use taxonomic schemes that

employed the greatest number of characters. For the Indo-

Pacific region, two excellent and well-illustrated taxonomic

treatments exist that used multiple, independent anatomical,

and morphological taxonomic characteristics (e.g., Gordon

et al. 1976; Adey et al. 1982). The flora we describe in this

paper are consistent with these two approaches.

Importantly, in many older studies, anatomical and

morphological characters were measured to determine

quantitative differences between multiple characters (e.g.,

Steneck and Adey 1976; Adey et al. 1982). This results in

replicable identifications. We expect scientific binomials

will continue to change and more cryptic species found, but

as long as standardized methods yield repeatable taxo-

nomic entities, scientific studies can move forward.

To minimize including cryptic species, we followed

Adey’s taxonomic schemes (Adey 1970; Adey et al. 1982)

and follow many of the original descriptions; these con-

form well to recent genetic studies (Bittner et al. 2011;

Kato et al. 2011). Specifically, we used several underval-

ued characters recorded for taxonomic identification

including gross morphology, surface texture, margin and

branching characteristics, thallus thickness (hypothallus to

epithallus), and the size (inside and outside dimensions),

shape, and pore characteristics of conceptacles (including

cystocarpic, spermatangial, or sporangial). Anatomical

characteristics of the hypothallus, perithallus, and tricho-

cytes (size, shape, and arrangement) were recorded. Each

of the collected specimens was examined using a dissecting

microscope. A few difficult taxa required analysis using a

scanning electron microscope.

Convergent coralline morphologies are common (Ste-

neck 1986). Although morphological groups can be finely

divided, we used the most fundamental divisions of thick,

branched, and thin thallus formation (Steneck 1986).

Data analysis

For each transect, the following univariate measures were

calculated:

• Total Abundance: calculated as the total number of

individual CCA present within a single transect.

• Relative abundance: calculated for each species, as the

number of CCA from a particular species within a

single transect, divided by Total Abundance for that

transect.

• Richness: calculated as number of different CCA

species present within a single transect.

• Species Diversity: calculated using the Shannon Diver-

sity Index, H’ = -R [(pi)(ln pi)] (Spellerberg and

Fedor 2003).

• Per cent cover: calculated as the percentage of transect

distance covered by a particular species, adjusted to

correct for the proportion of hard substrate within each

transect; values indicate the percentage cover of

transect areas with hard substrate available. Per cent

cover data were only available for 74 transects (58 %).

We assessed whether there were any differences

between transects where per cent cover data were

collected and sites where per cent cover data were not

collected. Using Chi-square tests for categorical vari-

ables such as shelf position, and t tests for continuous

variables such as latitude, we identified that sites with

per cent cover data available were of higher latitude,

greater longitude, greater depth, and more likely to

include outer-shelf sites (100 % included) compared to

inner-shelf sites (only 11 % included; data not shown).

Two sets of analysis were conducted. Primary analysis

was conducted on a subset of data that was identified as a

‘more balanced’ data set. This was defined as study sites

that incorporated at least two transects from each habitat

zone. This more balanced data set incorporated three sites

from inner-shelf reefs (Hay, Heath, and Wilke), three sites

from mid-shelf reefs (John Brewer, Lizard Island, and Rib),

and two sites from outer-shelf reefs (Myrmidon and Yonge;

Table 1). Secondary analysis was conducted on the full

data set.

Predictors of coralline algae total abundance, diversity,

richness, and per cent cover were identified using mixed

effects models. Mixed effects models were selected

because they are suitable for analysis of unbalanced data

sets (SPSS� 2002; Hedeker and Gibbons 2006) and are

able to control for the hierarchical nature of the data (i.e.,

data collected from transects at a particular site will exhibit

more relatedness than transects from a different site; Zuur

2009). Each analysis started with the full model, using the

following predictors as fixed effects: shelf position, habitat

zone, latitude, longitude, depth, the interaction between

shelf position and habitat zone, and the interaction between

shelf position and depth. No other interactions were con-

sidered. Initial model selection sought to identify the most
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suitable random effects structure and covariance structure,

using restricted maximum likelihood estimation (REML).

Based on this, a random intercept was included in each

model. Study site was also included as a random effect to

control for the clustering effect of study site (Zuur 2009).

The next stage involved identifying the most optimal fixed

structure. To achieve this, each model iteratively removed

the least significant factor at each step, using the Akaike

Information Criterion (Akaike 1974) and maximum like-

lihood estimation. The final model reported was refitted

using REML (Zuur 2009). Normality was verified for each

model by inspecting histograms of model residuals (Zuur

2009). All models reported met criteria for normality.

Mixed effects models were conducted on both ‘more bal-

anced’ and full data sets using SPSS (IMB Corp Released

2011, version 20.0). Results presented focus on findings

from the ‘more balanced’ data set.

Taxonomic composition of coralline algal communities

was visualized using non-metric multidimensional scaling

(NMDS). Differences in community composition across

key environmental gradients were assessed using permu-

tational multivariate analysis of variance with distance

matrices (ADONIS). This is similar to analysis of simi-

larity (ANOSIM), but has been shown to be more robust

(Anderson 2001; Oksanen et al. 2013). Key species con-

tributing to differences in community composition were

then identified using similarity of percentages (SIMPER)

analysis. Species contributing to the first 50 % of differ-

ences were identified. To ensure that the species identified

by SIMPER reflected true between-group differences

(rather than within-group variation; Warton et al. 2012),

between-group differences were confirmed with t-tests

(Witt et al. 2012). All community analyses were based on

fourth-root-transformed relative abundance data and Bray

Curtis distance matrices and utilized the R statistical soft-

ware (‘vegan’ Community Ecology Package). Community

analyses were conducted on both ‘more balanced’ and full

data sets. Results presented focus on findings from the

‘more balanced’ data set.

Results

Patterns of distribution and abundance

Overall, 30 species of CCA, representing 12 genera, were

observed across 17 study sites. Twenty species were

recorded in inner-shelf sites, 25 species in mid-shelf sites,

and 20 species in outer-shelf sites (Table 2). The most

abundant species was P. onkodes, which was present in

66.9 % of transects (mean relative abundance ± SD:

0.36 ± 0.32). The next most abundant species were P.

conicum sensu Adey et al. 1982 (54.3 % of transects, mean

relative abundance 0.16 ± 0.21), H. reinboldii (36.0 % of

transects, mean relative abundance 0.08 ± 0.20), and N.

fosliei (28.3 % of transects, mean relative abundance

0.06 ± 0.12). Branching species exhibited the highest

abundance at all shelf positions. Thin morphologies

exhibited limited abundance at mid- and outer-shelf reefs,

with the greatest abundance at inner reef sites (Fig. 2).

Predictors of abundance, diversity, richness,

and per cent cover

Mixed effects models of the ‘more balanced’ data set

indicated significant differences in CCA abundance across

shelf position, with outer-shelf reefs exhibiting higher

abundance than mid-shelf (b = -222.0 ± 43.7) and inner-

shelf (b = -666.7 ± 155.7) reefs (Tables 3, 4). Reef

slope communities exhibited lower abundance compared to

reef crest habitats (b = -52.6 ± 17.8; Fig. 3). High

abundance was also associated with higher latitude (b =

-132.1 ± 38.1) and lower longitude (b = -300.6 ±

90.1). When analysis was repeated on the full data set,

these findings were retained. Analysis of the full data

set also yielded a significant interaction between shelf

position and habitat zone (F = 6.89, p \ 0.001); in both

mid- and outer-shelf reefs, highest abundance was found in

reef crest habitats, whereas inner-shelf reefs exhibited no

difference in abundance across habitat zones.

Within the ‘more balanced’ data subset, the interaction

between shelf position and habitat zone was a significant

predictor of CCA diversity (Table 4). Compared to diver-

sity observed for outer-shelf reef crest habitats, signifi-

cantly lower diversity was observed at all inner-shelf

habitats (reef flat: b = -0.65 ± 0.22, p = 0.012; reef

crest: b = -0.60 ± 0.22, p = 0.019; and reef slope:

b = -0.90 ± 0.24, p = 0.002; Fig. 3). A trend suggested

lower diversity at mid-shelf reef flat habitats (b =

-0.45 ± 0.22, p = 0.067) compared to all outer-shelf

habitats. When predictors of diversity were analysed on the

full data set, this interaction remained significant. Addi-

tional predictors of higher diversity in the full data set were

higher longitude (b = -0.13 ± 0.03) and shelf position,

where CCA diversity was significantly higher in outer-shelf

reefs than mid-shelf (b = -0.18 ± 0.15) and inner-shelf

(b = -0.19 ± 0.15) reefs.

Within the ‘more balanced’ subset of data, there were no

significant predictors of CCA richness (Table 4). We found

a potential interaction between shelf position and habitat

zone (F = 2.05, p = 0.092; Fig. 3), driven by lower rich-

ness at inner-shelf reef slope habitats (b = -3.06 ± 1.20,

p = 0.034) and mid-shelf reef flat habitats (b =

-2.20 ± 0.76, p = 0.009) compared to outer-shelf reef

crests. When analysing the full data set, this interaction

remained; in addition, higher CCA richness was observed
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in outer-shelf reefs compared with mid-shelf (b =

-1.22 ± 0.55) and inner-shelf (b = -2.32 ± 0.58) reefs,

and also in sites with greater longitude (b = 0.13 ± 0.03).

Insufficient per cent cover data were available for ana-

lysis with the ‘more balanced’ data subset. However, per

cent cover of CCA from the full data set was significantly

greater in outer-shelf than in mid- and inner-shelf reefs

(F = 6.62, p \ 0.01), and significantly greater in reef crest

habitats, compared to reef slope and reef flat zones

(F = 3.16, p \ 0.05).

Table 2 Total abundance (total number of CCA organisms per 10-m transect) and Relative abundance (number of specific CCA organisms per

10 m transect, divided by total number of CCA organisms per transect) of CCA species in each shelf position on the GBR

Total Abundance Relative Abundance

Inner Mid Outer Inner Mid Outer

Lithophyllum insipidum 0 5.98 (2.82) 13.39 (4.94) 0 0.031 (0.012) 0.052 (0.015)

Lithophyllum moluccense 0 5.43 (1.06) 8.39 (3.28) 0 0.075 (0.016) 0.035 (0.013)

Lithophyllum kotschyanum 0.70 (0.31) 0.89 (0.56) 1.96 (0.87) 0.040 (0.017) 0.009 (0.004) 0.008 (0.003)

Titanoderma prototypum 0 0.04 (0.04) 0.21 (0.12) 0 0.0002 (0.0002) 0.002 (0.001)

Titanoderma tessellatum 0 0.26 (0.22) 0.54 (0.37) 0 0.004 (0.003) 0.006 (0.005)

Titanoderma sp.a 0 0.09 (0.05) 0.18 (0.18) 0 0.001 (0.001) 0.002 (0.002)

Hydrolithon reinboldiii 3.09 (1.15) 0.89 (0.35) 8.75 (4.41) 0.131 (0.035) 0.010 (0.005) 0.086 (0.049)

Hydrolithon breviclavium 0.47 (0.47) 0 0 0.009 (0.009) 0 0

Hydrolithon megacystum 0 0.43 (0.30) 1.89 (1.13) 0 0.006 (0.005) 0.016 (0.010)

Hydrolithon laeve 0 0.37 (0.33) 0 0 0.005 (0.004) 0

Hydrolithon sensu strictoa 0.11 (0.08) 0.15 (0.12) 0.36 (0.36) 0.028 (0.022) 0.001 (0.001) 0.002 (0.002)

Lithoporella melobesioides 0.42 (0.23) 0.48 (0.44) 0.18 (0.18) 0.039 (0.021) 0.009 (0.009) 0.001 (0.001)

Mastophora pacifica 5.09 (5.09) 0 0 0.018 (0.018) 0 0

Neogoniolithon frutescens 0.06 (0.06) 0.17 (0.13) 0 0.002 (0.002) 0.006 (0.004) 0

Neogoniolithon fosliei 0.19 (0.19) 4.72 (1.18) 20.36 (4.95) 0.010 (0.010) 0.062 (0.004) 0.124 (0.031)

Neogoniolithon clavycymosum 0.79 (0.34) 1.41 (0.79) 0.36 (0.25) 0.077 (0.033) 0.016 (0.009) 0.004 (0.003)

Neogoniolithon megalocystum 0 0.2 (0.20) 0 0 0.003 (0.003) 0

Neogoniolithon rufum 0.09 (0.09) 0.2 (0.12) 0.71 (0.50) 0.005 (0.005) 0.003 (0.002) 0.004 (0.003)

Neogoniolithon sp.a 0 0.59 (0.23) 1.43 (0.67) 0 0.013 (0.006) 0.007 (0.004)

Paragoniolithon conicum sensu Adey et al.

(1982)

2.00 (0.55) 14.24 (2.06) 27.61 (4.97) 0.134 (0.035) 0.176 (0.029) 0.160 (0.031)

Paragoniolithon sp.b 0.42 (0.23) 1.96 (1.01) 11.25 (4.23) 0.046 (0.026) 0.011 (0.005) 0.051 (0.020)

Porolithon onkodes 7.06 (2.43) 62.33 (13.78) 98.5 (18.01) 0.229 (0.046) 0.456 (0.043) 0.388 (0.050)

Porolithon gardineri 0 0.11 (0.11) 3.43 (0.96) 0 0.002 (0.002) 0.017 (0.005)

Porolithon sp.a 0 0 0.18 (0.18) 0 0 0.001 (0.001)

Lithothamnium australe 0.75 (0.49) 1.00 (0.39) 0.36 (0.25) 0.023 (0.012) 0.015 (0.006) 0.005 (0.004)

Lithothamnium asperulum 0.15 (0.11) 0 0 0.023 (0.021) 0 0

Lithothamnium prolifer 0.09 (0.09) 0.83 (0.49) 0.18 (0.18) 0.005 (0.005) 0.011 (0.006) 0.002 (0.001)

Lithothamnium pulchrum 0 0.43 (0.44) 0 0 0.005 (0.005) 0

Mesophyllum madagascariense 0.57 (0.57) 2.65 (1.19) 0.46 (0.27) 0.002 (0.002) 0.042 (0.020) 0.002 (0.001)

Mesophyllum purpurescens, funifu 0.64 (0.31) 1.63 (0.85) 0 0.058 (0.031) 0.021 (0.011) 0

Mesophyllum fluatum 0.40 (0.22) 0 0 0.080 (0.036) 0 0

Sporolithon episporum 0 0 0.18 (0.18) 0 0 0.002 (0.002)

Sporolithon erythraeum 0.55 (0.31) 0.76 (0.35) 2.93 (1.37) 0.037 (0.023) 0.007 (0.003) 0.025 (0.013)

Undescribed leafy corallinec 0.06 (0.06) 0.04 (0.04) 0 0.008 (0.008) 0.001 (0.001) 0

Values presented are mean (SE)
a May comprise more than one taxa
b Single taxon not yet named
c Unidentified coralline resembling Archaeolithophyllum (Wray 1964)
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Fig. 2 Relative abundance of CCA species by shelf position and morphological groups (n = 127 transects) on the Great Barrier Reef,

Queensland, Australia. Error bars indicate standard error

Table 3 Observed values of coralline abundance, richness, diversity, and per cent cover across GBR shelf position from all transects

Inner-shelf Mid-shelf Outer-shelf

Total abundance 23.50 (43.42) 107.54 (103.44) 201.82 (111.32)

Diversity (Shannon) 0.53 (0.41) 1.03 (0.45) 1.14 (0.41)

Richness 1.87 (1.00) 4.17 (1.73) 5.29 (1.76)

Percent cover 9.97 % (11.00) 21.95 % (16.07) 30.67 % (15.68)

Values presented are mean (SE)

Table 4 Final models identifying predictors of abundance, diversity, and richness of coralline algae (‘more balanced’ subset of data)

Response variable Predictors in final model F p AIC (original modela) AIC (final modelb)

Abundance Position 13.38 0.000 797.86 793.68

Zone 4.42 0.016

Latitude 12.04 0.001

Longitude 11.14 0.001

Diversity Position 9 Zone 4.73 0.003 72.87 69.39

Richness Longitude 3.77 0.119 275.07 271.31

Position 9 Zone 2.05 0.092

a Predictors in original model: shelf position, habitat zone, latitude, longitude, depth, the interaction between shelf position and habitat zone, and

the interaction between shelf position and depth
b Predictors in final model: listed for each response variable
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Community analysis: patterns of community

composition

Nonmetric multidimensional scaling ordination demon-

strated some clustering of coralline communities across shelf

position with corresponding distribution of environmental

variables (Fig. 4). Within the ‘more balanced’ subset of

data, latitude was the strongest contributor to variance in

community composition, contributing to 21.3 % of variance

(ADONIS: F = 11.74, R2 = 0.213, p = 0.001). Shelf

position explained 6.5 %, habitat zone explained 11.7 %,

and the interaction between shelf position and habitat zone

explained an additional 4.4 % of the variance in community

composition (Table 5). Collectively, shelf position and

habitat zone (and their interaction) contributed to 22.6 % of

the variance in coralline communities. Overall, all variables

examined contributed to 46.3 % of variance in community

composition (Table 5). When ADONIS analysis was con-

ducted on the full data set, all predictors significantly con-

tributed to variance in community composition, with the

strongest factors being shelf position (F = 8.47,

R2 = 0.103, p = 0.002) and habitat zone (F = 6.59,

R2 = 0.120, p = 0.001).

SIMPER analysis of the ‘more balanced’ data subset

identified key species contributing to differences between

inner-shelf and mid-/outer-shelf areas. Inner-shelf sites

exhibited lower relative abundances of N. fosliei and L.

moluccense (Table 6). Reef crests had higher relative

Fig. 3 CCA abundance (a, d), diversity (b, e), and richness (c,

f) among habitat zones relative to GBR shelf position, for observed

data (left panels a, b and c) and model estimates (right panels d, e and

f). All panels are derived from the ‘more balanced’ subset of data.

Error bars indicate standard error
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abundance of N. fosliei than reef flats. Reef crests also had

higher relative abundance of P. onkodes and N. fosliei, but

lower relative abundance of N. clavycymosum than reef

slope habitats. Reef flats had higher relative abundance of

P. onkodes but lower relative abundance of N. clavycy-

mosum compared with reef slope habitats. Higher latitude

sites (also the high longitude sites) had higher relative

abundance of L. moluccense and N. fosliei, but lower rel-

ative abundance of H. reinboldii. Shallower sites (\5 m)

were more likely to contain P. onkodes (Table 6).

Discussion

This study provides the most geographically extensive

assessment of the community structure of crustose coral-

line algae (CCA) on the Great Barrier Reef (GBR) and is

the first to examine CCA distribution, abundance, and

diversity across a range of regions and sites. We observed

significant effects of cross-shelf position and habitat zone

in abundance, diversity, and community composition—at

the species level. These findings not only highlight the

diversity of CCA communities across the GBR, but also

reinforce the importance of cross-shelf variation and

diverse habitat zones in contributing to the diversity of the

GBR.

Based on data from 17 sites in the northern and central

GBR, we recorded 30 species of CCA, representing 12

genera, similar to previous work recording 29 species

across northern, central, and southern sites (Steneck 1982).

Porolithon onkodes was the most dominant species in all

shelf positions. This is consistent with its dominance across

the Pacific (Steneck 1986). P. onkodes forms unbranched,

thick crusts. P. onkodes abundance was greater in shal-

lower sites, and in reef crest and reef flat habitat zones,

reflecting its tolerance to high wave energy and resistance

to grazing (Littler and Doty 1975; Steneck 1986). Outer-

shelf sites were dominated by thick CCA species with

virtually no thin species present; this is likely to represent

greater tolerance of thick CCA to grazing and herbivory.

Habitat zone is a well-established predictor of community

structure in benthic habitats (Hughes et al. 2012). We

observed strong effects of habitat zone on CCA community

structure, and interactions between habitat zone and shelf

position, for CCA abundance, richness, and diversity. N.

fosliei, also a dominant GBR species (Steneck 1982), was

more abundant in mid- and outer-shelf sites than inshore

regions, in reef crest areas compared to reef slope and reef

flat habitats, and in higher latitudes.

The percentage cover we recorded for inshore sites

(9.97 %) is substantially higher than other reports of CCA

cover ranging between \1 and 4 % (Fabricius and De’ath

2001; Fabricius et al. 2005; Wismer et al. 2009). It is

possible that, given that per cent cover data were only

collected from 11 % of the inner-shelf reef transects, more

depauperate inshore sites were not represented in our data.

Alternatively, estimates of per cent cover of CCA reported
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Fig. 4 Nonmetric multidimensional scaling (nMDS) ordination of a the ‘more balanced’ subset of data; and b all transects across the GBR.

Coloured circles designate sample sites across shelf positions, and vectors represent the influence of environmental variables (Stress = 0.09)

Table 5 Results of analysis of variance using distance matrices

(ADONIS), indicating strength of relationship between environmental

variables and variance in structure of CCA communities (based on

Bray Curtis distance matrices), using ‘more balanced’ subset of data

F R2 p

Position 6.92 0.065 0.001

Zone 11.74 0.111 0.001

Latitude 3.25 0.214 0.001

Longitude – 0 –

Depth 3.07 0.029 0.011

Position 9 Zone 4.68 0.044 0.002
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from rapid ecological assessment may be lower than the

estimates we obtained using more intensive techniques that

quantify all CCA organisms. Across all offshore sites,

mean CCA cover was 30.7 %, which is higher than the

20 % reported in one study (Fabricius and De’ath 2001),

but similar to other studies across the Pacific Ocean (Adey

et al. 1982; Iryu et al. 1995).

Inner-shelf reefs exhibited the lowest abundance and

diversity of CCA. There was also significant cross-shelf

variation in composition of coralline communities

identified by ADONIS analysis (Table 5). Our findings

are consistent with studies indicating significant cross-

shelf variation in per cent cover of CCA (Fabricius and

De’ath 2001; Wismer et al. 2009). Such cross-shelf var-

iation has also been documented for community compo-

sition of hard corals (Done 1982), parrotfish (Hoey and

Bellwood 2008), and bacterial biofilms (Witt et al. 2012),

population genetic structure of the coral Acropora

millepora (van Oppen et al. 2011), and rates of bioero-

sion (Bellwood et al. 2003).

Table 6 Main contributors to differences in CCA community composition as identified by SIMPER analysis, using ‘more balanced’ subset of

data

Cumulative

contribution (%)

t p Relative abundance

Inner-shelf Mid/outer-shelfs

Paragoniolithon conicum 14.4 0.23 0.82 19.1 20.6

Porolithon onkodes 28.3 0.08 0.94 37.7 38.3

Neogoniolithon fosliei 37.2 4.27 0.00 0 8.29

Hydrolithon reinboldii 46.2 -0.69 0.50 9.29 5.90

Lithophyllum moluccesnse 54.9 4.71 0.00 0 6.98

Reef crest Reef flat

Paragoniolithon conicum 16.6 0.85 0.40 17.8 23.9

Neogoniolithon fosliei 29.6 -2.48 0.02 10.9 2.13

Porolithon onkodes 40.3 0.22 0.82 49.8 51.5

Lithophyllum insipidum 50.7 0.04 0.97 4.76 4.86

Reef crest Reef slope

Porolithon onkodes 17.0 6.36 0.00 49.8 10.2

Paragoniolithon conicum 27.9 -0.08 0.93 17.8 18.3

Neogoniolithon fosliei 36.6 2.22 0.03 10.9 2.99

Hydrolithon reinboldii 44.9 -1.57 0.12 3.30 14.1

Neogoniolithon clavycymosum 51.5 -2.32 0.04 0 12.0

Reef flat Reef slope

Porolithon onkodes 17.5 5.61 0.00 51.5 10.2

Paragoniolithon conicum 29.8 0.74 0.46 23.9 18.3

Hydrolithon reinboldii 38.8 -1.42 0.17 4.47 14.1

Lithophyllum moluccesnse 46.7 -0.77 0.44 4.93 7.37

Neogoniolithon clavycymosum 53.7 -2.32 0.04 0 12.0

Higher latitudea Lower latitude

Paragoniolithon conicum 14.7 -0.66 0.51 0.22 0.19

Porolithon onkodes 28.1 -0.97 0.34 0.42 0.35

Hydrolithon reinboldii 37.3 2.46 0.02 1.41 10.7

Lithophyllum moluccesnse 45.6 -3.11 0.00 8.93 1.81

Neogoniolithon fosliei 53.6 -2.36 0.02 9.36 2.97

Deeper sites ([5 m) Shallow sites (B5 m)

Porolithon onkodes 13.5 5.92 0.00 14.0 51.2

Paragoniolithon conicum 26.5 -0.26 0.80 21.0 19.5

Hydrolithon reinboldii 35.5 -1.81 0.16 12.7 4.00

Neogoniolithon fosliei 44.3 -0.78 0.44 6.93 4.71

Lithophyllum moluccesnse 52.5 -1.10 0.28 6.49 3.60

a Split by median at -16.00�
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Why do these differences in CCA abundance and

community structure between inshore and offshore reefs

occur? It is unclear whether they reflect dispersal barriers

between inshore reefs and mid- and outer-shelf reefs (van

Oppen et al. 2011) or occur in response to recent declines

in water quality. In general, inner-shelf reefs experience

poorer water quality and are in poorer condition than outer-

shelf reefs (Brodie and Waterhouse 2012). Human activi-

ties, such as land clearing, livestock grazing, and agricul-

tural practices (Schaffelke et al. 2012), expose inner-shelf

reefs to sediment, nutrients, and pollutants (McCulloch

et al. 2003; Kroon et al. 2012), which may negatively affect

CCA abundance (Fabricius and De’ath 2001; Harrington

et al. 2005; Littler et al. 2010). It is possible that other

factors, such as reduced biomass of herbivorous parrotfish

in inshore areas (Hoey and Bellwood 2008), augment the

effect of poor water quality (McCook 1996; Chisholm

2003; Wismer et al. 2009) on CCA community structure.

Recent analysis of life, death, and fossil assemblages from

sediment cores at the inshore Pelorus Reef in the central

GBR indicates a major shift in coral assemblages over

time, with a collapse of branching Acropora assemblages

in the early to mid-twentieth century (Roff et al. 2013).

Further analysis of reef matrix cores for historical abun-

dances of CCA would shed light on the historical persis-

tence of cross-shelf differences through time. Our study did

not address causation of observed cross-shelf variation, and

it is possible that both barriers to dispersal and more recent

water quality gradients may have contributed to our

observed patterns in CCA distribution.

It is important to note that, in total, the factors we

examined only contributed to 46 % of variation in com-

munity structure. Habitat zone is a well-established pre-

dictor of community structure in benthic habitats (Hughes

et al. 2012) and was the strongest contributor to variation

in our findings. Many other factors not measured in the

current study are known to vary across habitat zone and

the continental shelf and may influence growth of coral-

line communities. For example, Bellwood and Wain-

wright (2001) report significant variation in fish

assemblages across habitat zones and suggest that water

movement influences patterns of distribution. They

describe reef flat and crest sites in mid- and outer-shelf

reefs as having the highest exposure to wave energy.

Wave energy does influence growth of CCA, with thick,

unbranched species dominating in areas of high wave

energy (Steneck 1986). Ecosystem processes such as

herbivory may also contribute to CCA abundance and

diversity. Many CCA species require herbivory to mini-

mize fouling by fleshy algae (Steneck 1986), and there is a

well-established relationship between coralline-dominant

communities and herbivore biomass (Steneck 1986).

Greater biomass of herbivorous parrotfish in outer-reefs

(Hoey and Bellwood 2008) could shape the diversity or

abundance of CCA in these areas. Sediment, nutrients,

and light intensity may also influence CCA communities

(Steneck 1986). The extent of unaccounted for variance in

our findings highlights the importance of examining the

role of such factors in future research.

This study has a number of limitations. Many CCA

species are present on cryptic surfaces, which are difficult

to detect using standard transect measures. Thus, it is

possible that our findings may under-represent CCA

abundance and diversity. Our sampling approach resulted

in an unbalanced data set, with not all habitat zones or

depths represented within each shelf position. This resulted

in strong correlations between factors such as habitat and

depth, or shelf position and longitude. Mathematically,

mixed effects models are well suited to analyse unbalanced

data sets and parse out the relative contribution of envi-

ronmental factors to our outcomes. However, ecologically,

this unbalanced design may limit the generalisability of our

findings. Nonetheless, analyses of both the ‘more balanced’

subset of data, and the full unbalanced data set, indicate

significant effects of shelf position and habitat zone on a

range of CCA indices. Correlation between environmental

variables may have diminished the observed contribution

to variance in community composition; for example, it is

well established that many coralline species or genera are

depth stratified (Adey et al. 1982; Steneck 1982; Lund et al.

2000). However, we observed only a small effect of depth

on composition of coralline communities and did not find a

significant effect of depth on abundance, diversity, rich-

ness, or per cent cover. It is possible the effect of depth is

partially driven by factors such as habitat zone, with

shallow reef crests exhibiting higher abundance than dee-

per reef slopes. Moreover, we sampled across a limited

depth range ([90 % of transects \15 m, maximum depth

30 m), which may have limited our capacity to assess

variation across depth.

This study is one of the first that has examined abun-

dance and diversity of CCA across the GBR. Our findings

reinforce the influence of the continental shelf and habitat

variation on benthic diversity of the GBR. Identifying

spatial dynamics of CCA communities informs our

understanding of the benthic structure of coral reefs. Our

findings raise the possibility that, similar to hard corals,

inshore CCA communities have become degraded in

response to a series of anthropogenic influences. It is well

known that successful recruitment and survival of hard

corals may depend on certain CCA, but it is unclear the

degree to which CCA may also rely on healthy hard coral

communities. Documenting distribution of CCA provides a

foundation for future work that seeks to identify determi-

nants of benthic community structure and approaches to

optimizing future health of reef ecosystems.
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