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Abstract Crustose coralline algae (CCA) fulfill two key
functional roles in coral reef ecosystems: they contribute
significantly to reef calcification, and they induge larval
settlement of many benthic organisms. Percentage cover
of CCA, and environmental conditions, were|visyally
estimated on 144 reefs of the Great Barrier Reef between
10 and 24° latitude S. Reefs were located across the shelf
and ranged from turbid near-shore reefs close fo rivers
to clean-water reefs hundreds of kilometers from codstal
influences. On each reef, two sites were surveyed| be-
tween 0.5 and 18 m depth. Strong cross-shelf trends
occurred in cover of CCA, amount of sedimenft depos-
ited, water clarity, and slope angle. Relative |distance
across the shelf and sedimentation jointly explained §4%
of variation in CCA cover. Three regions running par-
allel to the shore were identified, with a mean CCA cover
of <1% on the inner third of the shelf, and >20%
cover on the outer half of the shelf, with a| narrow
transition region between the two. Within each region,
the cover of CCA was unrelated to distance agross| the
shelf, but was related to the sedimentary environment,
being relatively higher on reefs with low sedirpent| de-
posits. On the inner third of the shelf, the most s¢diment-
exposed reefs were unsuitable habitats for CCA. [The
inverse relationship between CCA and sediment | has
implications for the recruitment of CCA-specialised
organisms, and for rates of reef calcification.
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Introduction

Crustose coralline algae (CCA, non-geniculate, calcare-
ous, red algae of the order Corallinales) serve two key
functional roles in coral reef environments. The most
obvious and prominent role is their significant contribu-
tion to limestone formation and cementation of the reef
pavement (Barnes and Chalker 1990). The rock-hard
encrustations of CCA reinforce the skeletal structures of
dead corals, and fill cracks in the reef substratum, thereby
maintaining topographic complexity and reducing reef
erosion. The second key functional role of CCA is as
settlement substratum for many types of reef benthos.
Induction of larval settlement and metamorphosis of
many sessile organisms, including some hard corals
(Morse et al. 1988; Heyward and Negri 1999), octocorals
(Benayahu et al. 1989; Lasker and Kim 1996), and the
crown-of-thorns starfish Acanthaster planci (Johnson et
al. 1991), depend on the presence of CCA and their as-
sociated bacteria films (Johnson and Sutton 1994; John-
son and Cartwright 1996; Heyward and Negri 1999). Due
to these two critical roles, CCA may be considered as a
key functional group in coral reef ecosystems.

CCA are multicellular, fundamentally filamentous
algae. They are heavily calcified by calcite crystals em-
bedded in the cell walls, which protect against grazing by
herbivores and provide wave resistance. Individual spe-
cies or genera cannot generally be distinguished in rapid
ecological field assessments, since their morphology and
coloration vary greatly, depending on light and wave
exposure (Maudsley 1990). The investigation of species-
specific features such as shape and number of epithallial
cells, or interfilamentous cell connections, requires spe-
cial staining and sectioning techniques, followed by light
microscopy or scanning electron microscopy (Braga
et al. 1993; Mendoza 1995). CCA are found in a wide
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range of temperatures, from tropical to polar,|and in
light environments ranging from those of shallow trop-
ical intertidal reef flats to almost complete darkness. On
coral reefs, temperature, light availability, and |grazing
intensity by herbivores are major factors inflpencing
growth rates of CCA (Littler and Doty 1975; Littler and
Littler 1984; Liddell and Ohlhorst 1987; Iryu and Mat-
suda 1988; Klumpp and McKinnon 1992). Despite the
fundamental role of these algae in the ecology of coral
reefs, effects of other environmental variables| on life
history parameters and abundances of tropical CA are
poorly understood.

On the Great Barrier Reef (GBR), CCA cover is high
on clear-water outer-shelf reefs, but decreases towards
the coast (Scott and Russ 1987; Fabricius 1997 Sweat-
man et al. 1997). Dead corals are colonised by filamen-
tous turf algae within days in all reef environments;
however, successions from turf to CCA assemblages
occur within months where environmental conditions
are suitable for CCA. Over 6-12 months, CCA covered
around 35% of dead coral skeleton plates deplpyed on
an outer-shelf reef flat on central GBR, 28% on the mid-
shelf, and 8% close to the coast (Klumpp and McKin-
non 1992). Conversely, turf algae were abundant on
plates deployed on the coastal reef flat, but decreased
towards the outer shelf. Thus, on coastal reefs, turf algae
dominate the epilithic algal communities for extended
periods of time, and calcification of the substrate by
CCA is negligible.

Although CCA are associated with clean apd clear
off-shore waters, the effects of water quality on CCA
abundances are little known. A field study demopstrated
decreasing abundances of CCA towards a point source
of urban sewage (Bjoerk et al. 1995). Laboratory ex-
periments by these authors demonstrated that growth
rates and rates of calcification were reduced by high
concentrations of phosphate, but not by nitrat¢ or am-
monia. Maudsley (1990) also reported on degeperation
of coralline algae in areas of phosphate loading and
other pollution; however, no data were presented to
substantiate the observations.

In this paper, we describe the spatial distribution of
CCA over 144 reefs of the Great Barrier Reef.|Surveys
covered all types of reef environments, ranging from
turbid near-shore reefs close to river estuaries,|to clear
water reefs hundreds of kilometers from coastal influ-
ences. We investigated relationships between CCA cover
and water clarity, sedimentation, slope angle, and rela-
tive distance across and along the GBR. We] identify
which of the environmental variables considered best
explain CCA cover, and determine environmental con-
ditions unsuitable for survival of CCA.

Methods

Field methods

The data were obtained during rapid ecological assessments (REA:
Done 1982; Fabricius and De’ath 1997; Devantier ef al. 1998;

Fabricius and De’ath 1999) of 144 reefs from latitude 10 to 24°S,
conducted between May 1996 and September 1999. The REA es-
timated cover of the major benthic groups, and related environ-
mental conditions, to obtain taxonomic inventories and
information on the state of the GBR. On each reef, REA were
typically carried out at two locations (windward and leeward) and
at up to five pre-defined depth ranges (18-13, 13-8, 8-3, 3-1m, and
reef flat). Surveys were conducted by one observer (the first author)
on scuba, starting deep and slowly ascending to the shallower
ranges, typically covering 200-300 m (~300-1,200 m?) within
10-15 min per depth range.

The following biotic and abiotic data were recorded at each
depth range:

1. Visual estimates of percent total cover of hard corals, octoco-
rals, CCA, turf algae, Sargassum and other macroalgae, and
unconsolidated substratum (sand/sediment/mud, and rubble).
Cover was estimated as none (0%), in 2.5% increments from
>0-10%, in 5% increments from >10-30%, and in 10%
increments for >30% cover.

2. Thickness of sediment deposit on the reef substratum (rated on a
4-point scale; 0=none, 1=thin layer, 2=moderate layer, and
3 =thick deep layer).

3. Visibility (Secchi distance; in metres).

4. Slope angle (assigned to 5° categories with the assistance of a
plumb bob and protractor; in degrees).

Two spatial variables, ‘relative distance across’ and ‘relative
distance along’ the shelf, were calculated based on the latitude and
longitude (recorded by GPS) of each survey site. Relative distance
across the shelf is defined as the distance from the survey site to the
nearest point on the coast, divided by the sum of distances to the
coast and to the closest point on the outer edge of the GBR. Thus,
relative cross-shelf distance takes the value 0° at the coast and 1 on
the outer shelf. Similarly, relative distance along the shelf was
calculated as distance to the northern end of the GBR, divided by
the sum of distances to the northern and the southern ends of the
GBR.

Statistical methods

Data from all sites and depth zones of each reef were averaged. CCA
cover was square-root transformed to give constant variance of
model residuals. The relationships between CCA and the physical
and spatial variables were explored using scatter plots and cross-
validated smoothing splines (Hastie and Tibshirani 1990). CCA
cover was modelled using regression tree analysis (Breiman et al.
1984; De’ath and Fabricius 2000). Trees are ideally suited to the
analysis of complex ecological-environmental data which involve
interactions and non-linearities (De’ath and Fabricius 2000). Trees
form groups of cases with similar response values by repeated bi-
nary splitting of the data. Each split maximises the sums of squares
between the two resulting groups of response values, and is based on
one of the explanatory variables. At the end of the procedure, each
of the terminal groups is characterised by the mean value of the
response variable, the number of cases in the group, the variables
that formed the divisions leading to the group, and their values. The
size of the tree (number of terminal groups) was selected by mini-
mising the cross-validated estimate of error (Breiman et al. 1984;
De’ath and Fabricius 2000). The statistical software S-Plus (Sta-
tistical Sciences 1999) was used for all data analyses, and included
use of the tree software RPART (Therneau 1998).

Results
Exploratory spatial analysis

The spatial distribution of CCA, sediment, visibility,
and slope showed systematic trends across, but not



along, the GBR (Fig. 1). Cover of CCA (R*=8(
sediment (R*=56%) changed in a non-linear
across the shelf (Fig. 2), with relatively constant
the inner and outer regions of the shelf. CCA averaged

%) and
fashion
levels in

< 1% cover on the inner shelf and ~20% on the outer

shelf. Visibility (R?=48%) and slope (R*=31¢
increased linearly across the shelf. In addition
strong non-linear relationship with relative
across the shelf, CCA also had non-linear relat
of varying strengths with sediment (R*=62%),
(R*=56%), and slope (R*=34%) (Fig. 3). CC
was highest for low values of sediment, and hig

Fig. 1 Bubble plots showing
variation of a crustose coralline
algae cover, b sediment depos-
its, ¢ visibility, and d slope angle
with relative distance across and
along the Great Barrier Reef.
Sizes of bubbles are scaled
linearly between minimum and
maximum values (indicated in
parentheses). Plots indicate
strong cross-shelf trends for all
variables, but there is no evi-
dence of trends along the shelf

Fig. 2 Scatterplots showing
cross-shelf trends in a crustose
coralline algae cover, b sedi-
ment deposits, ¢ visibility, and
d slope angle. Cross-validated
smoothing splines with 95%
confidence intervals indicate
strong, but highly non-linear,
trends for crustose coralline
algae and sediment. For visibil-
ity and slope angle, trends are
linear, but weaker

CCA (% cover)

Visibility (m)
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of visibility and slope. Sediment was lower on steep
slopes than on gradual slopes (R*=18%) (Fig. 4), and
visibility decreased non-linearly with increasing levels of
sediment (R?=55%).

Sediment (rating)

Slope (°)

Relative distance across the shelf

%) both
to the Modelling cover of CCA
distance
onships Regression trees were used to model CCA cover. To
isibility assess the contributions of the physical and spatial
A cover variables, three models were used: (1) including both
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Fig. 3 Scatter plots showing trends in a crustose coralline algae
cover with sediment deposits, b visibility, and ¢ slope gngle, and

relationship between visibility and sediment. Cross

kvalidated

smoothing splines with 95% confidence intervals indicdte strong,

but non-linear, relationships between pairs of variables

variables, and (3) with only physical variables. In the
model with both physical and spatial variables, only

relative cross-shelf distance and sediment app
the model (Fig. 5), and the 6-leaf tree explained
CCA variation. The tree defined three regions a
shelf (<0.36, 0.36-0.55, and >0.55), within

which higher levels of sediments were related

levels of CCA. The effect of sediment varied ag
three regions, being greatest on the outer she
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Fig. 4 Scatter plots showing relationship between a sediment and
slope and b visibility and sediment. Cross-validated smoothing
splines with 95% confidence intervals indicate strong, but non-
linear, relationships between pairs of variables

CCA. On the inner shelf, all reefs with high sediment
had <0.5% CCA cover. Although CCA cover increased
strongly across the whole shelf, there were no linear
cross-shelf trends within any of the three cross-shelf
regions defined by the tree (P>0.05).

When only spatial variables were used to explain
CCA cover, a three-leaf tree resulted. This was simply
the 6-leaf tree of the physical and spatial model (Fig. 5),
but without the three additional splits due to sediment.
This tree explained 80% of CCA variation. The sedi-
ment effects of the six-leaf tree can thus be interpreted as
explaining an additional 5% of CCA variation (or 25%
of that unexplained by the three-leaf spatial model).

For the physical variable model, a five-leaf tree re-
sulted (Fig. 6), with visibility, sediment, and slope all
used in the model. The tree explained 79% of CCA
variation, with highest CCA cover on reefs with high
visibility (>8.5 m) and low sediment (<0.45). The
models based on only physical or spatial variables were
thus similar in terms of explained variation. A six-leaf
tree based only on sediment explained 69% of CCA
variation, with an identical first split to that of visibility
in the physical variable model.

Jointly, these models suggest that: (1) relative cross-
shelf distance is a strong surrogate for the physical



Fig. 5 Regression tree explain-
ing crustose coralline algae
(CC4) cover in terms of relative
distance across shelf (Across)
and sediment deposits (Sedim).
For each of the six leaves of the
tree, distribution of CCA cover
(square-root transformed) is
illustrated by a histogram, and
mean values of CCA cover
(back-transformed), sediment,
and number of reefs are indi-
cated. Lengths of vertical drops
at each split are proportional to
the variation it explains. Tree
defines three regions across the
shelf (<0.36, 0.36-0.55, and

A

CCA ~ Across + Sediment

Across < 0.36

307

Across < 0.55 | Across > 0.55

4.0
(144)

Across > 0.36 Sedim > 0.22 | Sedim < 0.22

>(.55), within each of which
higher levels of sediments are
related to lower levels of CCA.
Tree explains 85% of total CCA
variation

CCA

Sedim >2.21 | §
1

0.31
(83)

edim < 2.21

053 Sedim>123 I Sedim < 1.23
(93)

0.00

[Sedim] [2.46]
(N (15)

factors that determine CCA cover, (2) sediment &
for substantial local variation in CCA cover

0.46
[1.44)
(68)

ccounts
not ex-

plained by relative cross-shelf distance, and (3) sediment,

slope, and visibility together account for mos
variation in CCA cover, but other unknown
factors also determine CCA cover; for some

t of the
physical
of these
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6.5
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17.2
[0.57)
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26.3
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relative cross-shelf distance and the sedimentary de-
posits on the reefs, and weakly related to water clarity
(visibility) and the steepness of reef slopes. Three
shore-parallel “CCA provinces” were identified, with
transitions at 36 and 55% across the shelf. Within each
of the three provinces, CCA cover was dependent on

unknown factors, relative cross-shelf distance ig at least sedimentation and independent of distance across the
a partial surrogate. shelf. The consistency of these three independent cor-
relations may suggest a causal relationship between
sedimentation and CCA cover. However, since cau-
Discussion sality cannot be established from observational data,
controlled experiments will be necessary to identify
Cover of crustose coralline algae (CCA) on reefs of the whether and how sediments ultimately affect CCA life
Great Barrier Reef was strongly inversely related to histories.
Fig. 6 Regression tree explain- Visibility < 8.5 | Visibility > 8.5
ing crustose coralline algae
cover in terms of visibility, 4.03
sediment deposits, and slope. (144)
Tree explains 78% of total CCA
variation. For explanation see
legend of Fig. 5 CCA ~ Visibility + Slope + Sediment
Sedim > 1.16 Sedim < 1,18
~ 14
(75
Sedim > 045 | Sedim <045
CCA 026
Ny (69) Slope<32 | Slope>32 146
ﬂ ] 106 | (64)
0.70 ! (38) !i
(1) |
8.8 283
(33 (5)
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Our visual estimates resulted in similar CCA esti-
mates to those obtained from line intercept estimates on
14 front reefs of the central GBR (mean of 20 and 13%
CCA cover at 10-m fore-reefs of outer- and mjid-shelf
reefs, respectively, recorded by the line intercept data:
Fabricius 1997). However, both visual estimates and line
intercept methods tend to miss undersides of ledges and
dead corals which have more CCA than upper surfaces;
thus both methods are likely to underestimate trne CCA
abundances. The absence of CCA under sediment was
confirmed numerous times, by fanning off the sediment
and closely inspecting the substrate underneath. Small
CCA specks were occasionally found underneath thin to
moderate sediment deposits. It was particularly sparse
on horizontal sediment-covered surfaces, and where it
occurred under the sediment (e.g., on sloping patches of
substrate) it generally grew in small patches (up to a few
centimetres squared). In contrast, turf algae were regu-
larly found under thin to moderate sediments, appar-
ently holding the sediment in place (Purcell 2000). Very
little turf and crustose coralline algae werg found
underneath thick sediment deposits.

Relative cross-shelf distance acts as a proxy for a
whole range of confounded environmental variables,
and it was therefore the single variable that best ex-
plained variation in CCA cover. For example, sedi-
ments, visibility, and slope angles were all strongly
related to relative cross-shelf distance. The sameg is true
for large-scale variation in nutrient concentrations
(Revelante and Gilmartin 1982) and grazing intensity by
herbivores (Scott and Russ 1987; Williams 199]1), both
of which were referred to when explaining cross-shelf
differences in epilithic and macroalgal abundances
(reviewed in Szmant 1997; McCook 1999).

The inverse relationship between CCA coyer and
sedimentation has, to our knowledge, not been described
before, and the mechanisms of how sediment deposits
may affect CCA are unknown. CCA are able tg survive
long periods of burial under sediments, becguse the
upper epithelial cell layers, which are killed py sedi-
mentation, are sloughed off once the sediment is re-
moved (Keats et al. 1997; Pueschel and Keats 1997).
Sediment nevertheless appears to negatively affect their
abundances, and although it may not kill the CCA, it is
likely that it prevents CCA recruitment by blanketing
suitable substrate for CCA settlement. Sedimentation is
also likely to reduce photosynthesis by shading and by
restriction of gas exchange (Klumpp and M¢Kinnon
1989; Patterson et al. 1991); thus scope for growth and
calcification may be diminished. Sediment also
surviving CCA as settlement substrate for other organ-
isms from the system. Hence, CCA are less likely to
fulfill their two key functional roles in coral reefs (cal-
cification and settlement substrate for other organisms)
whilst buried under sediment.

From a geological perspective, sediment
accumulate on reefs, as the topography of reefs facili-
tates sediment transport downslope onto the sea floor
(Larcombe and Woolfe 1999). Nevertheless, thick sedi-

ment deposits are regularly encountered on coastal reefs,
with highest values found on the lower leeward sides of
reefs. While relatively slow current speeds (<3 cm sh
are sufficient to remove sediment from elevations and
sloping surfaces (Rogers 1990), deposits on flat or con-
cave surfaces are only shifted by rough seas. Sediment in
synergy with elevated nutrients can form large and
sticky aggregates which are more adhesive than sedi-
ments in oligotrophic conditions (Wolanksi and Gibbs
1995). Sedimentation of such sticky aggregates can det-
rimentally affect small reef organisms within hours to
days (Fabricius and Wolanski 2000). While the potential
effects of sedimentation of such nutrient-enriched par-
ticles on CCA are as yet unknown, they deserve atten-
tion, because the import of sediments and nutrients into
the GBR lagoon during runoff events has increased
several-fold due to expanding grazing and agricultural
land use (Wolanski 1994; Larcombe et al. 1996).

The virtual absence of CCA in coastal areas of high
sedimentation may have profound implications for the
ecology of near-shore coral reefs. The formation of
eroding rubble fields is a regular feature on near-shore
reefs of the central GBR after coral die-off (Fabricius,
personal observations). Caves and cavities below the
surface, which are inhabited by diverse and trophically
important communities (Wunsch and Richter 1998;
Richter and Wunsch 1999), and organisms depending on
surface complexity for protection disappear when the
reef structure collapses (Szmant 1997). Those organisms
with larvae specialised in settling on CCA are also ex-
cluded from areas that are unsuitable for the growth of
CCA. The absence of CCA on sediment-rich near-shore
reefs may partly explain why community composition
and species abundances on reefs close to the coast are
very different from those further offshore.
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