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ABSTRACT. Coastal reef communities dominated by zooxanthellate alcyonacean octocorals extract 
large quantities of suspended particulate matter (SPM) from the water column. Concentrations of SPM 
in water parcels, tracked by a curtain drogue, were measured before and after passing over 2 strips of 
soft coral dominated, near-shore reefs -200 m long, and over 2 adjacent sand-dominated strips for com- 
parison. The reefs were covered with 50% zooxanthellate octocorals (total standing stock: -270 g 
AFDW m-'; mean live tissue volume: 70 1 m-2), 7 % hard corals, 15 % turf algae with bioeroding sponges 
underneath, and < l  % other filter feeders (sponges, tunicates, and bivalves). Downstream of the reef 
communities, chlorophyll, particulate organic carbon and particulate phosphorus were significantly 
depleted. The depletion of chlorophyll averaged 35 % of the standing stock, whereas the net depletion 
of particulate organic carbon and particulate phosphorus was 15 and 23 %, respectively. Rates of deple- 
tion were simllar for the 2 reef sites and 3 sampling periods, and were independent of upstream parti- 
cle concentration. In contrast, concentrations of particulate nitrogen and phaeopigments were similar 
before and after passage across the reef sites. On the sandy sites, downstream concentrations of par- 
ticulate nutrients, chlorophyll and phaeopigments were all similar to upstream concentrations. The net 
import of particulate organic carbon into the reef was estimated as 2.5 * 1.1 g C m-' d-'. Less than 20% 
of this carbon Import could be explained by area-specific rates of removal by sponges, tunicates, 
bivalves, and hard corals, suggesting that soft corals were the pnmary sink of carbon. The data suggest 
that detritus and other small SPM (<l0  pm particle size) are an important food source for alcyoniid- 
dominated reef communities in high turbidity regimes. 
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INTRODUCTION 

Concentrations and availability of suspended partic- 
ulate matter (SPM) are known to control rates of food 
intake, growth and reproduction in a range of filter 
feeders (e.g., Barker Jsrgensen 1996, Riisgdrd et al. 
1996). Coastal coral reefs on wide shallow continental 
shelves are often exposed to high concentrations of 
SPM, due to resuspension from the sea floor and 
import from terrestrial run-off. River run-off is the 
largest source of nutrients on the Northeast Australian 
continental shelf, contributing to high turbidity and 

nutrient levels on coastal coral reefs (Furnas et al. 
1997). Some coastal turbid coral reefs have become 
dominated by dense stands of space-monopolizing 
alcyoniid soft corals since the 1950s, i.e., after the 
clearing of coastal areas began (reviewed in Fabricius 
1998). Links between increased coastal run-off 
(Walker & O'Donnell 1981) and the replacement of 
reef-building hard corals by these soft coral assem- 
blages have been suggested (Bell & Elmetn 1995); 
however, they have so far remained unsubstantiated 
due to insufficient information on the diet and rates of 
feeding of zooxanthellate soft corals. 

In this study, we investigated the rates of in situ net 
depletion of natural SPM (containing living and non- 
living suspended particles) by reef communities domi- 
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Fig 1. Soft coral dominated reef community in Pelorus CV 
North Orpheus Island 

nated by zooxanthellate alcyoniid soft corals. We esti- 
mated the net removal of chlorophyll (as a marker for 
phytoplankton), particulate organic carbon (POC) (fol- 
determining energy gain), and particulate nitrogen 
(PN) and particulate phosphorus (PP). We also deter- 
mined the abundances of all groups of macro-benthos 
at the study sites. We focussed our investigation on a 
very simple reef system, in an area monopolised by 
alcyonlid soft corals, surrounded by extensive areas of 
sand with llttle substratum suitable for boring sponges 
and litophages, and with unidirectional currents 
(Figs. 1 & 2). As rates of natural feeding in Alcyoniidae 
are unknown, we used an indirect way to estimate 
their contribution to the SMP removal. We calculated 
the potential area-specific rates of SPM removal by 
sponges, blvalves and tunicates based on published fil- 
tration rates. We argue that much of the removal which 
could not be attributed to these filter feeders is likely to 
be due to suspension feeding by the large standing 
stock of Alcyoniidae. 

METHODS 

Study sites. The study was carried out in the Great 
Palm Islands group, central Great Barrier Reef, North- 
east Australia (Fig. 2a). The continental islands are 
located 25 to 28 km off the coast in <30 m water, and 
are surrounded by a sediment. covered sea floor with 
small regions of hard substratum and few coral out- 
crops. Fringing rrcfs surround most of the islands and 
c.xlr,nd to -1 5 m depth. Rcsuspension of sediment from 
the shallow bottom, and coastal run-off during mon- 
soonnl rClins rontrihutc to rj  highly variable water tur- 
bidity, -\vilh a rncm <5 nlg SPbI dry weight I - '  in areas 

close by (Larcombe et al. 1995). Measurements 
were carried out in 2 channels between adjacent 
islands (Pelorus Channel: latitude 18.58" S, lon- 
gitude 146.50" E; Fantome Channel: 18.67" S, 
146.51°E). On the southern shores of Pelorus 
and Fantome channels, the reefs are 50 to 150 m 
wide, while on the northern shores their width is 
<50 m (Figs. 2b,c). The centers of the channels 
are covered with sand and interspersed sparse 
hard coral and soft coral stands; however a 30 m 
wide bar of coral reef crossed from one shore to 
the other in Fantome Channel. Sampling was 
done over the southern reefs, and over the sand 
bottom more towards the middle of the channels 
for comparison. 

Water mixing between the reef and sand sites 
l a n n e l ,  was probably low, as the channels represent 

natural large-scale flumes exposed to predomi- 
nantly linear flow, accelerated by a funnel effect. 
Deployment of Interocean S4 current meters 

0.5 m above the southern reef slopes at 6 m depth in 
each channel (averaging 120 readings for every 10th 
minute over 3 to 4 winter days) indicated that current 
directions and speeds in Fantome Channel and Pelorus 
Channel were tidal driven. Flow was unidirectional for 
extended periods, with velocities of 4 to 35 cm S-'. Rel- 
ative flow speeds along a -50 m long transect from the 
reef to the sandy site were assessed in both channels 
with eroding hemispherical plaster blocks (calibration 
in Fabricius & De'ath 1997). Two blocks were deployed 
at the base of each current meter, and 10 blocks were 
deployed in a line perpendicular to the flow, where 
they were left to erode for 24 h, i.e., 2 tidal cycles. In 
Pelorus Channel, the mean flow recorded by the elec- 
tromagnetic current meter was 1 2  cm S-' (k6 SD). The 
plaster blocks indicated that flow varied between 11 
and 17 cm S-', independent of distance to the shore. In 
Fantome Channel, mean flow at the electromagnetic 
current meter (positioned at -30 m distance from the 
shore) was 11 cm S-' (k9  SD). The plaster blocks indi- 
cated that the flow increased from 11 cm S ' around the 
current meter to 23 cm S-' towards the comparison site. 
Conditions during the time of flow measurements 
approximated normal winter conditions (wind speed: 
25 to 35 km h-', seas: -1 m at the seaward sides of the 
channels, and tidal amplitude: 1.0 to 2.9 m).  Due to the 
complexity and variability of the current patterns, and 
insufficient resources for long-term deployments of 
current meters, we assumed that currents averaged 
-15 cm S-' in both channels for calculating nutrient 
fluxes and rates of SPM depletion (sec! below). 

Water sampling. A curtain drogue (4 X 2.5 m) was 
used to mark and follow water parcels travelling either 
over a -200 m long section of the southern fringing 
reef, or in the sandy center of the channels for compar- 
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Fig. 2. The 2 study sites: Pelorus and Fantorne Island Chan- 
nels. (a) Location in the Great Palms Islands Group (central 
Great Barrier Reef, North Queensland). Grey shading demar- 
cates continental land masses, contours outline fringing coral 
reef formations. (b) Area1 photographs of Pelorus and (c) Fan- 
tome Channels. Arrows indicate the approximate length (ca 
200 m) and direction of the drift drogue trajectories over reef 

(R) and comparison (C) sites 

ison. Three 5 1 Niskin bottles of water were collected 
on the upstream side of the reef by a snorkeller from 
1.5 m above the bottom (at 5 to 8 m depth). The sam- 

ples were combined in an acid-washed bucket and 
stored in the shade. The drift drogue was released, the 
position (GPS) and time noted, and the drogue was 
followed over -350 m (-200 m of which were over reef, 
with sandy sea floor before and after it). Sampling was 
then repeated on the downstream side of the reef. 
The same procedure was followed at the sandy sites, 
but here, the water samples were from 7 to 10 m 
depth. Samples were only collected if the drogue trav- 
elled in a straight line over the reef or sand. For safety 
reasons, all sampling was done during daylight (08:OO 
to 17:oo h). 

Sampling was repeated 62 times, in 4 sets of 5 to 6 d 
in August, September a.nd November 1996, and July 
1997. In August, 7 sample sets were taken over the 
reefs, and 1 as control over the sand. From September 
on, each sample pair over the reefs was compared to a 
pair of samples collected over the sand. High, patchy 
concentrations of the pelagic nitrogen-fixing cyano- 
bacterium Tnchodesmium affected September and 
November 1996 samples. In September, the water was 
not pre-filtered and standard deviat~ons between 
duplicate chlorophyll samples were high (56% of the 
means vs < 10 % of the means in winter). As this varia- 
tion was far greater than at other ti.mes, the September 
samples were not used. In November, the water was 
pre-filtered through a 10 pm stainless steel mesh to 
remove Trichodesmium colonies, and standard devia- 
tions between duplicates were reduced to 11 %. The 
data from this sampling period therefore reflect the 
< l0  pm particle size range only. 

Laboratory analysis. Within an hour of sample col- 
lection, the buckets were brought back to the research 
vessel. Subsamples (250 to 400 m1 for particulate nutri- 
ents, and 100 to 400 m1 for chlorophyll and phaeopig- 
ments) of well-stirred water from the buckets were 
immediately filtered onto pre-cornbusted (450°C for 
8 h) 25 mm Whatman GF/F filters under low vacuum 
(15 to 30 kPa). Filters were then folded, stored in pre- 
combusted envelopes of aluminium foil, and frozen at 
-18°C until further analysis. 

After the field trip, 6 of the 8 subsamples were freeze- 
dried. Duplicate samples were analysed for POC with a 
Shimadzu TOC 5000 carbon analyser using ethylenedi- 
aminetetra-acetic acid (EDTA) as a standard. PN and 
PP were determined on duplicate samples following 
Furnas et al. (1995). Values obtained from blanks (pre- 
combusted filters) were subtracted from sample values. 
The remaining 2 subsamples were transferred from 
frozen state into 90 % (v/v) acetone, ground in acetone, 
and chlorophyll a (chl a) and phaeophytin (Phae) were 
determined fluorometrically (Parsons et al. 1985). In 
July 1997, additional 100 m1 aliquots were filtered onto 
2 and 10 pm Nucleopore (25 mm) filters, respectively (3 
to 4 samples in each treatment), to assess the contribu- 
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tion of pico- (<2 pm) and nanoplankton (2 to 10 pm) to 
total community chl a. 

Assessment of the benthos composition. Percent 
cover and abundances of individual taxa were as- 
sessed with 4 X 50 m line intercept transects on the reef 
sites of Fantome and Pelorus Channels, recording the 
length of each benthos category that fell below the 
tape (Marsh et al. 1984). No transects were analysed at 
the sand-dominated comparison sites, because 50 m 
transects were too short to adequately represent indi- 
vidual taxa in the sparse coral community, and the 
brief periods of slack current did not permit longer 
transects. Rapid ecological assessments (Done 1982, 
Dinesen 1983, Devantier et al. 1998) were used for 
comparison of macrobenthos composition and physical 
parameters on reef and sand sites. During 48 swims of 
10 to 15 min each (25 over the reef, and 23 over the 
sand sites), percent total cover of alcyoniid and other 
soft corals, hard corals, turf and macro algae, sand 
and unconsolidated rubble were estimated by 1 diver 
(K.E.F.) ('Tier I' in Devantier et al. 1998). Additionally, 
inventories of genera of soft corals and gorgonians, as 
well as sponges, tunicates and zoanthids (growth forms 
and phyla) were compiled, and abundances estimated 
on a ranked (ordinal) scale of 0 to 5 ('Tier 11' in 
Devantier et al. 1998, adapted from Braun-Blanquet 
1964): 0 = absent, 1 = 1 or few colonies, 2 = uncommon, 
3 = moderately common, 4 = common, and 5 = domi- 
nant. 

The standing crop of soft corals on the reefs was 
assessed by measuring the projected areas (based on 
longest diameter and its perpendicular diameter), and 
colony volumes (calculated as ellipsoids based on pro- 
jected area and height) of individual colonies in each 
of the 6 most common soft coral genera. In order to esti- 

mate the biomass per m2 of soft corals, 15 colonies each 
of the dominant taxa Sinularia flexibilis and Sinularia 
capitalis (which together represented 73 % of the total 
soft coral cover and 37 % of total reef area) were col- 
lected after measuring their projected areas and 
height. The samples were dried to constant weight 
(45°C for 2 wk), ashed (200°C for 4 h, followed by 
450°C for 6 h), and the ash-free dry weight (AFDW) 
was determined. The relationship between AFDW and 
colony area was linear in both taxa for the size ranges 
investigated (regression analysis on S. capitalis: AFDW 
= 1.003 X area - 44.24, r2 = 0.646, p < 0.001; S. flexibilis: 
AFDW = 0.79 X area - 37.5, r2 = 0.602, p = 0.003). 

Statistical analyses. Three-way fixed factor analyses 
of variance were used to test for effects of date (3 sam- 
pling periods), channel (Pelorus and Fantome Chan- 
nels), reef-sand (concentrations over the reefs versus 
those over the sand), and interactions between these 
factors, on the concentration of the 5 SPM variables 
(chl a,  Phae, POC, PN, PP). For all analyses, non-signif- 
icant terms (p > 0.05) were dropped from the model 
by backward elimination, and their sums of squares 
pooled with the error sum of squares (McCullagh & 
Nelder 1989). Sample duplicates were averaged be- 
fore analysis, q-q plots were investigated for variance 
homogeneity, and means were log-transformed, re- 
sulting in satisfyingly homogenous variances. Residual 
plots were used to check the model assumptions. Log- 
transformed means and 95% confidence intervals 
were back-transformed for ease of interpretation. 

Preliminary examination of the data suggested that 
changes in the downstream concentration of the 5 SPM 
variables were proportional to their upstream concen- 
trations. This was confirmed by a linear regression 
analysis of downstream values on upstream concentra- 

Table 1. Concentrations ( ~ n  pg I - ' )  of phytoplankton pigments and suspended particulate nutrients in open water ('Open': reefs 
upstream, and sand comparison sites upstream), and reef-downstream sites (RD) around the Great Palms Islands before passage 
through the channels. n = number of runs. Chl a = chlorophyll a, Phae = phaeopigments, POC = particulate organic carbon, PN 
and PP = particulate nitrogen and phosphorus, respectively. Values are back-transformed means, in brackets upper and lower 
95% CI. November 1996 data include < l 0  pm particles only. Flxed-factor ANOVAs tested for the effects of sampling periods 
(August 1996, November 1996, July 1997) on concentrations of SPM in open water before channel passage. 'Error df = 44 

Aug 1996 Nov 1996 Jul 1997 F ~ .  45 P 
(n = 8) (n = 20) (n = 20) 

Chl a Open 0.31 (0,26, 0.37) 0.31 (0.27, 0.35) 0.34 (0.30. 0.39) 0 832 0.44 
RD 0.17 (Q 13, 0.23) 0.27 (0.23, 0 31) 0.28 (0.24, 0.32) 

Phae Open 0.16 (0.14, 0.19) 0.22 (0.19, 0.25) 0.18 (0.16. 0.21) 3.94 ' 0.03 
RD 0.14 (0.12, 0.17) 0.22 (0.20, 0.25) 0.19 (0.17, 0.21) 

POC Open 162 (131, 200) 241 (204, 285) 112 (103, 122) 32.8 <0.001 
KD 146 (118, 183) 214 (186,244) 110 (103, 118) 

PN Open 11.3 (10.0, 12.8) 35.7 (32.1, 39.8) 9.88 (8.8, l 1  l )  157.8 <0.001 
RD 9.2 (7.6, 11.1) 34.1 (31.2. 37.3) 8.33 (7.34, 9.45) 

PP Qpen 1.85 (1.53, 2.23) 2.24 (1.96, 2.55) 1.88 (1.74, 2.04) 3.03 0.06 
1.44 (1.18 1.74) 2.12 (1.92, 2.34) 1.85 (1.64, 2.07) 

- 
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tions, including parameters for different slopes and in- 
tercepts for reef and sand. The best model for each of 
the 5 SPM variables comprised different slopes for reef 
and sand with each regression line passing through 
the origin. This suggests proportional, not constant, 
change in the concentration of SPM variables after their 
passage over the reefs; hence ratios of downstream 
over upstream concentrations (henceforth down/up- 
stream ratios) were used in further analyses. 

Paired t-tests were used to test for changes in rela- 
tive concentrations of the different types of SPM (e.g., 
change in chlorophyll concentration relative to the 
change in carbon) during reef passage, in order to test 
whether some types of SPM were depleted at a greater 
rate than others. Log-transformed ratios of weights of 
carbon/chl a (and all other combinations) were com- 
pared between reef-upstream and reef-downstream 
samples. 

Area-specific filtration rates of chlorophyll and par- 
ticulate nutrients were modelled after Riisgdrd (1998): 

where F is the volume of water processed by filter 
feeders of a given area (m3 m-* S-'), CD and C" are con- 
centrations upstream and downstream, respectively 
( g  m3), v is flow speed (m S-'), y is the thickness of the 
mixed layer above the filter feeders (m), and X is 
the distance between up- and downstream sampling 
points (m). 

The weight of material removed daily by the reef, R 
(g m-2 d-'), was then calculated based on a re-arrange- 
ment and expansion of Eq. (1); thus R = F X (CU + CD)/2, 
and extrapolated from seconds to 24 h: 

RESULTS 

Temporal and spatial patterns of SPM concentrations 

In the open water (i.e., upstream, before channel 
passage), concentrations of all measured variables of 
SPM were similar over reef and sand, and between the 
2 channels, at any of the sampling periods (3-way 
ANOVA testing for the effects of sand-reef, sampling 
period, channels, and interactions, on each of the nutri- 
ents: p > 0.05). However, open water concentrations of 
phaeopigments, PN, and POC varied between the 3 
sampling periods (Table 1). In particular the PN con- 
centrations were greatly enhanced during the Tri- 
chodesmium bloom (November 1996) despite removal 
of > l 0  I-lm particles, compared with the 2 winter sam- 

l 
I I I I I I  

0.0 0.1 0.2 0.3 0.4 0 5 

Chl a Upstream (pg I - ' )  

Fig. 3. Plot of downstream chlorophyll concentrations in rela- 
tion to upstream chlorophyll concentrations at reef (filled clr- 
cles, solid line) and comparison sites (open circles, dashed 
line) sites. Data are pooled from both channels and 3 sam- 
pling periods, lines represent linear regression functions 

pling periods (August 1996 and July 1997) when the 
whole particle size spectrum was analysed. 

Chl a concentrations at the downstream sites were 
depleted in proportion to the concentration measured 
upstream (regression analyses of down/upstream con- 
centrations: Fig. 3). The regression lines for reef and 
sand sites both passed through the origin = 0.419, 
p = 0.67), whereas their slopes differed significantly 

= 32.1, p < 0.001). This pattern was similar in the 
other SPM variables (POC, PN, PP, and phaeopig- 
ments), and thus analyses of depletion were done on 
log-transformed ratios of down/upstream concentra- 
tions for each of the 5 SPM variables. 

The ratios of down/upstream concentrations of the 
5 SPM variables did not vary between channels and 
sampling periods, and none of the channels, date, 
and treatment interactions were significant (3-way 
ANOVAs, p > 0.05). At the sand sites, the down/up- 
stream ratios were not significantly different from 1 for 
any of the 5 SPM variables (3-way ANOVAs, p > 0.05; 
Fig. 4 ) .  

Chlorophyll and phaeopigments 

The down/upstream ratio in chl a concentrations 
after reef passage was 0.65 (95% C1 = (0.61, 0.69]), and 
after passage over the sand sites 1.00 (0.98, 1.02). The 
difference suggests that reef passage reduced the con- 
centration of chl a by 35 % + 7 SE (Fig. 4 ,  Tables 1 & 2). 
The reduction in chl a due to reef passage in the 
< l 0  pm fraction in November 1996 was not different to 
the reduction at other times. 
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Fig. 4.  Ratio of downstreardupstream 
concentrations in suspended particulate 
matter after passage over the reef (Rf) 
and sandy comparison (CO) sites. Values 
are back-transformed log (means) and 

log (standard errors) 

Concentrations of phaeopigments, the breakdown size fraction was 85.7 * 2.0 % of total chl a at sand and 
product of chlorophyll, varied widely and did not reef-upstream sites, and 58.5 + 6.1 % downstream of 
show any discernible patterns (Fig. 4, Table 2). The reefs. Removal of chl a in < 2  pm algae was 48 * 19%, 
down/upstream ratio in concentrations of phaeopig- while chl a from all size fractions was reduced by 35 r 
ments was 0.98 (0.94, 1.01) over the reef and 1.04 7%. A preferential depletion of the small size fraction 
(0.98, 1.10) over the sandy comparison sites, respec- was consistent over most samples, but the sample size 
tively. Accordingly, the ratio of chlorophyll to phaeo- was too small to demonstrate significance. 
pigments downstream of soft coral beds was lower 
(1.16 [1.09, 1.25)) compared to the upstream sites 
(1.74 [1.68, 1.811). Particulate organic carbon 

As expected (Furnas & Mitchell 1988, Ayukai 1991), 
small size fractions dominated the algal biomass. In At the sand sites, the down/upstream ratios of POC 
July 1997, the concentration of chl a in the < 2  pm averaged 1.01 (0.96, 1.07), whereas at the reef sites, 
fraction was 68.7 + 2.4 % of total chl a at sandy and the ratios averaged 0.86 (0.81, 0.91). Thus, the deple- 
reef-upstream sites, and 58.1 * 7.0% at the reef- tion of POC over the reef differed from that at the sand 
downstream sites. Similarly, the chl a in the < l 0  pm sites on average by 15.4 r 7.9% (Fig. 4 ,  Table 2). The 

reduction in POC due to reef passage in the < l 0  pm 
fraction in November 1996 was not different from the 

Table 2. Test for the difference in ratios (log[downstream/ at times. The 
upstream]) of concentrations of SPM between passage over POC/chl a weight was significantly higher (683) in 
the reef compared with passage over sand sites. Details of the reef-downstream samples than in reef-upstream 
the methods are explained in 'Methods: statistical analyses'. waters (513) (Table 3), Assuming a carbon to chl a ratio 

'Error df = 45 
of 30 for young, fast-growing phytoplankton (Furnas 
1991, Campbell et al. 1994, Cloern et al. 1995), phyto- 
plankton carbon in reef-upstream sites was 8.4 + 1.1 % 
of the total organic carbon, whereas this proportion 
was significantly lower (6.4 + 1.1 % of carbon) down- 
stream of the reefs (paired t-test, t 2 ,  = 3.02, p = 0.006). 

Table 3. Ratios of weights of suspended particulate nutrients and chlorophyll upstream and downstream of the soft coral dorni- 
nated reefs. Probabilities are based on paired t-tests on the log-transformed ratios of weights (reef-downstreadreef-upstream). 
The rat~os presented here are back-transformed means (and 95% CIs, representing the precis~on of indiv~dual ratios, not 

down/upstream compansons) 
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Table 4. Percent cover of major benthos groups on reef sites at the Fantome and Pelorus Island Channels, assessed by 50 m line 
intercept transects. Data are means * 1 standard error of 4 transects per reef. 'Alcyoniid soft coral' is a subset of 'Total soft coral' 

Total Alcyoniid Hard Turf algae/ Sponges Zoanthids Tunicates Sand/ 
soft coral soft coral coral macroalgae rubble 

Fantome 43.7 r 10.4 38.4 i 7.9 11.6 * 4.4 8.3 i 3.6 1.2 i 0.7 0.0 i 0.0 0.01 * 0.01 35.2 i 17.5 
Pelorus 52.8 r 5.6 51.4 i 5.6 4.2 r 1.9 18.2 + 5.0 0.5 i 0.2 0.4 + 0.2 0.01 i 0.01 24.0 r 8.9 
Mean % 49.7 + 4.9 47.0 i 4.8 6.7 r 2.1 14.9 r 3.8 0.7 i 0.2 0.3 + 0.1 0 01 * 0.01 27.7 7.9 

Table 5. Standing crop, given as expanded colony volume per square meter, of the most common soft coral genera in the reefs of 
Fantome and Pelorus Island Channels. Measurements were done on randomly selected colonies from 2 areas of >500 m2 each. 
Values are means i SE. n = number of colonies analyzed na = not assessed. Percent cover is based on eight 50 m line intercept 

transects 

Taxon n Diameter Area Height Volume Cover Soft coral Standing 
(cm) (cm2) (cm) (1) volume stock 

(1 m-2) (g AFDW m-2) 

Sinulana flexibilis 152 1 9 * 1  332 * 25 19+ 1 5.2 * 0.6 26.0 + 4.0 40.4 i 8.3 122.6 + 29.6 
Sinularia capitalis 108 5 1 + 5  2975r627 2 4 + 1  53.8210.9 11.1+3.1 20.0k8.1 74.7i28.1 
Sinulana spp. 4 5 3 3 r 3  1345i425  1 1 r 2  7.3 i 1.6 7.8 + 2.4 4.8 i 2.0 na 
Sarcophyton 33 29 r 4 1085 * 295 14 _t 2 17.2 i 5.7 1.3 r 0.5 2.1 i 1.3 na 
Lobophytum 17 23 r 4 553 r 200 13 * 2 7.6 i 4.0 0.6 + 0.2 0.8 k 0.6 na 
Nephthea 24 1 6 r 2  258 r 58 13+ 1 3.1 i 0.9 1.2 + 0.9 1.4 i 1.2 na 

Total 379 48.1 r 3.8 69.6 i 12.0 197.2 r 40.8 

Particulate nitrogen 

The down/upstream ratio of PN averaged 0.85 (0.80, 
0.90) at the reefs, and 0.93 (0.86, 0.99) at the sand sites. 
Thus, although concentrations of PN decreased by 
15 % during the reef passage, they also dropped by 7 % 
during passage over the sand, and the difference in 
ratios between sand and reefs (7.9 * 8.6 %) was not sig- 
nificant (Fig. 4 ,  Table 2). The ratio of PN/chl a in- 
creased by -23 % during reef passage, while the ratio 
of POC/PN did not change (Table 3) .  

Particulate phosphorus 

PP was significantly depleted by reef passage: down/ 
upstream ratios of PP were 23.0% * 7.3 lower over the 
reef than over the sand (Fig. 4 ,  Tables 1 & 2). The reef 
passage increased the ratio of PP/chl a by 21 %, 
whereas the ratios of POC/PP, and PN/PP did not 
change significantly (Table 3) .  

Benthos communities on reef and sand sites 

The line intercept data from the reef sites indicated 
that the area covered by soft corals was -50% + 5 SE, 

whereas the cover of scleractinian (hard) corals was 
7 % * 2 S E  (Table 4 ) .  Few cryptic filter feeders (oscula 
of boring sponges, Lithophaga, and polychaetes) were 
found during careful surveys along the transect tapes, 
due to the sparsity of suitable substratum. Total cover 
of epibenthic sponges, bivalves and tunicates am- 
ounted to < l  %. Thus, soft coral cover was >50 times 
that of other epibenthic macro-filter feeders. The rela- 
tive abundance of (mostly large) soft coral colonies was 
about 18 times greater than that of the (predominantly 
small) epibenthic sponges and tunicates together. 

Rapid ecological assessments, used to compare reef 
and sand sites, indicated a mean soft coral cover of 
53% on the reef sites, compared to 8 %  on the sand- 
dominated sites. Mean hard coral cover was estimated 
as 10% on the reefs and 9 % on sand. Sand and uncon- 
solidated algae-free coral rubble covered 29% on the 
reef, and 72% on the sandy comparison sites. The 
remaining area was occupied by turf and macroalgae. 
Alcyoniidae dominated the reef and sand communities 
(Fig. 1, Table 4 ) ,  consisting of the genera Sinularia, 
Sarcophyton, Lobophytum, Cladiella, Alcyonium, and 
Parerythropodium (in descending order by their mean 
rank abundance). Dendronephthya, Isis hippuris, 
Melithaea, Junceella, Dichotella, Ellisella, and Plexau- 
ridae were uncommon to rare both on reef and sand 
sites. The xeniids Xenia, Efflatounana, and Anthelia, 
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and the nephtheids Nephthea, Scleronephthya, and 
Paralemnalia were uncommon to rare on the reefs, and 
absent on the sand sites. 

On both reefs, the standing stock of soft corals, mea- 
sured as expanded colony volume, was high (70 + 12 1 
m-' of live soft coral colony tissue; Table 5). The AFDW 
of Sinularia flexibilis and Sinularja capitalis (the 2 most 
common taxa, which together accounted for -73% of 
the total soft coral cover) was 470 + 40 g AFDW m-' 
colony area (n = 15), and 670 & 70 g AFDW m-2 colony 
area (n = 15), respectively. Their mean cover was 26 
and 11 % (Table 5); thus, combined, the standing crop 
of these 2 species alone was -200 + 60 g AFDW m-' 
reef area. 

DISCUSSION 

Heterotrophy in alcyoniid-dominated 
near-shore reefs 

Near-shore reef communities dominated by Alcyoni- 
idae depleted large quantities of SPM. The communi- 
ties grazed with greatest efficiency on phytoplankton 
(chlorophyll removal of 35 %), but also made extensive 
use of other, non-fluorescing SPM (net removal of 8 to 
23% of particulate nutrients). Traditionally, the net 
organic production of coral reefs is believed to be very 
close to zero, suggesting that nutrient export approxi- 
mates its import, and that reefs are thus neither a net 
source nor sink of nutrients (Crossland & Barnes 1983, 
see also review in Erez 1990). On the alcyoniid-domi- 
nated near-shore reefs of this study, the net balance of 
SPM (removal by grazing versus addition by locally 
produced particulate matter such as coral mucus, bac- 
teria, or detritus) indicated that import greatly ex- 
ceeded export, and that net production of the benthos 
was positive. 

The calculation of an  area-specific daily net removal 
rate of SPM (in g SPM m-'d-') by the -200 m long strip 

of reef was based on an estimated mean flow speed of 
15 cm S-'. We also assumed a mixed-layer thickness of 
1.5 m. This assumption is probably conservative, as the 
water samples were taken -1.5 m above the substrate, 
and fluid mechanical argument and  field observations 
indicate extensive mixing in the fast and turbulent flow 
over the reef: colonies were subjected to Reynolds 
number of Re = 105 to 10"t 15 cm S-' flow (Vogel 
1981), where the boundary layer thickness is small 
(-10-~ to m), and broken up by surface protrusions 
at  scales of 10-3 to > l  m (Thorpe 1984). Furthermore, 
vertical mixing takes place along sloping boundaries 
with high surface roughness, resulting in well-mixed 
conditions several meters over reefs even in relatively 
calm lagoons (Wolanski 1987). Yahel et al. (1998) also 
recorded a 1 to 3 m layer of phytoplankton-depleted 
water above reefs of the northern Red Sea; however, 
conditions were much calmer and thus presumably 
less mixed. At a flow rate of 0.15 m S-', 19 440 m3 water 
pass through a 1.5 m deep layer over a 1 m wide strip 
of reef per day. The net area-specific filtration rate of 
phytoplankton by the reef community was 42 m3 m-2 
d-', and that of carbon 16 m3 m-' d-' (Table 6). Esti- 
mates of daily net removal rates of SPM by the soft 
coral dominated reef community are summarized in 
Table 6. 

The estimate of carbon import was 2.5 + 1.1 g m-' 
d-', or 897 + 394 g m-2 yr-l. Phytoplankton carbon 
contributed only 14 % (125 k 27 g m-' yr-') to this car- 
bon import. Additionally, 16 * 6 g m-' yr-' of phospho- 
rus, and 58 k 22 g m-' yr-' of nitrogen were imported 
into the system. A carbon removal rate of 897 g m-' 
yr-' by a soft coral dominated reef in near-shore GBR 
waters, where turbidity is primarily due  to suspended 
detrital matter, is similar to the phytoplankton re- 
moval rates by azooxanthellate soft corals in the 
northern Red Sea, where phytoplankton is the pre- 
dominant source of SPM (Yahel et al. 1998). A Red 
Sea reef dominated by azooxanthellate soft corals in- 
cluding Dendronephthya removed -720 g phytoplank- 

Table 6. Rates of chl a and nutrient filtration and removal by reefs dominated by alyconiid soft corals. The estimate of phyto- 
plankton carbon is based on a carbon to chlorophyll conversion factor of 30, and the assumption that a 1.5 m t h ~ c k  layer of water 

is depleted homogenously Values are means r SE 

- -  

Chl a 35.0 * 7 1 
Phytoplankton C 35.0 * 7 1 
POC: 15.4 * 8.0 
PN 8.9 * 8.6 
PP 23.0 ? 7.3 

Upstream 
concentration 

(PS 1- ' 1  

Area-specific Rate of removal, 
filtration rate, F R (g m-2 d. ') 

d-' ) 
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ton carbon m-2 yr-' (Yahel et al. 1998), and a mono- 
specific thicket of D. hemprichi imported 414 g m-2 
yr-' (Fabricius et al. 1998). It is noteworthy that all 3 
estimates of in situ depletion of particulate organic 
matter by soft coral dominated communities are l 
order of magnitude higher than those reported for 
hard coral dominated reef flats (Glynn 1973, Johannes 
& Gerber 1974, Ayukai 1995). 

The contributions of the various groups of filter feed- 
ers to the SPM depletion over the reef community are 
not known, as direct measurements on the diet and 
filtration rates of the diverse groups could not be 
obtained in the present study. It is known that the diet 
of sponges, tunicates and bivalves consists predomi- 
nantly of the very small size fraction of particulate mat- 
ter (e.g., Harbison & McAlister 1979, Barker Jerrgensen 
1996, Pile 1997). Evidence increases that the diet of 
octocorals also consists predominantly of relatively 
small (<200 pm) SPM, including phytoplankton, cili- 
ates, dinoflagellates, coral mucus, and small, weakly 
swimming zooplankton (Lewis 1982, Lasker et al. 1983, 
Coffroth 1984, Sebens & Koehl 1984, Best 1988, Fabri- 
cius et al. 1995a,b, Ribes et al. 1998). Filtration rates 
depend on food concentration, flow, particle sizes, and 
temperature, and published area-specific rates of 
removal of some species of sponges, tunicates, and 
bivalves vary by 1 or 2 orders of magnitude within 
phyla (reviewed in Gili 81 Coma 1998). For example, 
tropical sponges ingest 0.080 to 1.8 g C m-2 d-l, and 
values of ascidians and molluscs range from 0.02 to 
3.6 g C m-2 d-'. Natural rates of feeding have been 
assessed for a gorgonian (Ribes et al. 1998) and an 
azooxanthellate soft coral (Fabricius et al. 1998); how- 
ever, they are still largely unknown for tropical zoox- 
anthellate soft corals (Alcyoniinae). This is despite the 
fact that more than 98% of octocorals in shallow-water 
regions on the central Great Barrier Reef are soft corals 
and zooxanthellates (Fabricius 1997). 

Using existing data on filtration rates of sponges, 
tunicates and bivalves, we attempted to get some indi- 
rect estimates of the potential contribution of the alcy- 
oniid soft corals to the depletion over the study sites. 
The transect measurements indicated a < l  % surface 
cover by epibenthic sponges, tunicates, bivalves, and 
other filter feeders; however, to be conservative, we 
here assumed that, additionally, the entire area of dead 
coral covered with turf algae contained bioeroding 
sponges (i.e., 15% sub-surface cover). Assuming the 
highest published ingestion rate for sponges (1.8 g C 
m-' d-l, Gili & Coma 1998) is applicable for the 16% 
cover of filter feeders, their contribution to the commu- 
nity filtration rate was (0.16 X 1.8 g C m-2 d-') = 0.29 g 
C m-2 d-'. This represented -12% of the measured net 
grazing rate of 2.5 g C m-' d-'. Demersal zooplankton 
and the 7 % hard corals would also have contributed 

an unknown amount to the depletion (Sorokin 1995, 
Anthony 1999), although all our measurements were 
carried out during the day, and these groups feed pre- 
dominantly at  night. Pelagic bacteria and zooplankton 
probably contributed only little to the grazing, as they 
would have also depleted particles in the water column 
over the sand sites, and our data showed no evidence 
of this. Therefore, it seems a conservative estimate that 
the combined contribution of sponges, bivalves, tuni- 
cates, hard corals, and demersal zooplankton to the 
observed community grazing was <20% of total filtra- 
tion rates, indicating that the 50% cover of alcyoniid 
soft corals may have contributed >80% to the deple- 
tion of small particulates. Their area-specific daily rate 
of removal thus calculated as -4.4 g POC (m colony 
area)-2 d-l. This rate is above those published for 
sponges; however, a 'biomass-specific' ingestion rate 
may be more appropriate for comparison, taking into 
account not only the cover but also the large size and 
volumes of the alcyoniids. Based on the assumptions 
listed above, the mean biomass-specific ingestion rate 
of the alcyoniid community (with a total standing stock 
of -270 g AFDW m-2, or 70 1 tissue m-2) would then 
approximate 0.01 g C (g AFDW)-I d-l, or 0.03 g C (l live 
tissue)-' d-'. 

SPM environment 

SPM concentrations were well within the range 
observed in GBR waters (Furnas et al. 1995). The ratio 
of C:N:P of the SPM was low (83:7:1) compared to the 
Redfield ratio for phytoplankton (106:16:1; Redfield et 
al. 1963), the PP content of the SPM being elevated 
compared to that of phytoplankton. Given the expo- 
sure of the study site to particle-bound phosphorus 
suspended in flood plumes, and the capacity of car- 
bonate sediments to bind phosphorus (Entsch et al. 
19831, the elevated phosphorus levels are not surpris- 
ing. However the C/N ratio was higher (12.8 reef- 
upstream, and 9.2 reef-downstream) than expected 
for proteinaceous material (Furnas et al. 1995), despite 
potential N-fixation by Trichodesmium. For compar- 
ison, the TOC/N ratio in the tissue of an alcyoniid 
soft coral common on the study sites, Sarcophyton 
cinereum, was 6.8 + 0.6 (n = 10, K.E.F. unpubl. data). 

The similarity in the ratios of PN and PP, and POC 
and PP between upstream and downstream water 
samples indicated that there was no preferential 
removal of PP over POC or PN by the reef. However 
chl a was removed at a greater rate than both POC and 
PN. Phytoplankton carbon comprised 8.4 * 1.1 % of the 
total organic carbon in reef-upstream and sandy sites, 
and was significantly less (6.4 * 1.1%) at the reef- 
downstream sites. This difference indicated that either 
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POC was excreted by the reef (possibly as soft coral 
mucus or detritus), and/or that phytoplankton uptake 
was more efficient than the uptake of other types of 
POC. The data also indicate that particulate matter 
other than phytoplankton (probably including labile 
detritus, microzooplankton, and bacteria) plays an 
important role (>g0 % of carbon intake) in the nutrition 
of these communities in high turbidity regimes. 

The ratio of chlorophyll to phaeopigments was lower 
downstream of the soft coral dominated reef communi- 
ties than upstream. This is evidence for the intake and 
digestion of phytoplankton, since ageing (and conse- 
quent transformation from chlorophyll to phaeopig- 
ments, the degradation products of chlorophyll) during 
the 0.5 h reef passage appeared unlikely. It also indi- 
cated that little phaeopigment was excreted (e.g., as 
faecal pellets or pseudofaeces), because phaeopig- 
ments did not increase at the same rate as chlorophyll 
a decreased. 

Species-poor stands of space-monopolizing alcy- 
oniid soft corals such as the ones investigated in this 
study dominate some turbid coastal fringing reefs; 
however, they have never been recorded on clear- 
water reefs further off the coast (reviewed in Fabricius 
1998). On near-shore reefs around the study area, 
mean levels of suspended particulate nutrients are up 
to 30 times higher than the concentrations found on 
outer-shelf reefs (Walker & O'Donnell 1981, Wolanski 
& van Senden 1983, Furnas et al. 1995, Furnas & 
Brodie 1996, Dommisse & Furnas 1998), and near- 
shore chlorophyll concentrations may be 8 times that of 
outer-shelf waters (Revelante & Gilmartin 1982). This 
study provides first indications of trophic processes in 
alcyoniid-dominated communities. It suggests that SPM 
is utilised by Alcyoniidae, and that turbid water with 
high concentrations of SPM represent a suitable trophic 
environment for these persistent and space-mono- 
polizing taxa to establish high population densities. 
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