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PREFACE 

The Great Barrier Reef is a marine ecosystem that is recognised worldwide for its unique 
biological and physical features. It is by far the largest single collection of coral reefs in 
the world and biologically supports one of the most diverse ecosystems known. 

The Great Barrier Reef Marine Park includes most of the Great Barrier Reef region and 
the Reef was added to the World Heritage List in 1981. The Great Barrier Reef Marine 
Park is a multiple-use protected area with zoning plans and permits for different activities 
being the main tools for Reef management. The Great Barrier Reef region supports direct 
economic activity estimated to be worth in excess of $1 billion annually to Australia. 
Demands are rapidly increasing for information about, and access to, the Reef and its 
resources by tourists, other recreational users, commercial fishing and mariculture 
industries. 

The large and growing economic and social values of the Great Barrier Reef demand an 
improved scientific knowledge base to allow Reef users and managers to make more 
informed decisions, so that benefits can be maximised in a sustainable manner and costs 
minimised, while preserving the Reef's unique biological and physical features. The 25 
year Strategic Plan for the Great Barrier Reef World Heritage Area, with both 5 year and 
25 year objectives, has been developed recently by a process involving all users and 
interest groups. 

Knowledge about the Great Barrier Reef from natural, social and economic research is an 
essential part of decision making for ecologically sustainable development. In the early 
1970s, research effort in the Great Barrier Reef underwent a major shift - essentially from 
earlier expedition-type enterprises to institutionally based projects and programs. The 
Great Barrier Reef Conference held in Townsville in 1983 captures a summary of this 
work and provides a valuable baseline of information. But much of the early information 
comprised small bites or building blocks of vital knowledge with little integration possible 
across scientific disciplines. Physical and natural science predominated with minor 
mention of social, economic and engineering research. 

Thirteen years later, ideas on reef management and use have changed considerably, as has 
the knowledge from research. The present Conference sought to examine two key 
questions: 

Firstly, how reef science has adapted to reflect these changes. 

Secondly, what we have learnt in recent years that will enable sustainable reef-based 
industries and economic activity, and provide an improved scientific basis for 
management and decision making of the Great Barrier Reef as a World Heritage Area. 

The Conference provides a review of major scientific findings and concepts over the last 
decade, purposely integrating information across research on key issues. The mixture of 
keynote, invited and contributed papers provides a good basis of record and discussion. 
Putting 'people' into the equation through enhanced social science research is a notable 
step forward, along with higher effort in engineering research. However, research on 
economics and indigenous use/involvement remain under represented. 



Volume 1 of the Proceedings contained keynote and invited papers. Volume 2 contains a 
selection of contributed papers, which were represented at the conference by posters 
prepared by the same authors. Abstracts are included, in a separate section, for other 
posters. A full list of posters presented at the conference, and their authors, is listed at the 
back of this volume, as is a list of delegates. 

The work of the Organising Committee (Jan Crossland, David Yellowlees, Terry Done, 
Don Alcock, Jon Brodie, Peter Valentine, Kirstin Duke, Peter McGinnity) and graduate 
students; the sponsors - and the enthusiastic response of authors - ensured that the 
Conference delivered and recorded a new information base useful to existing and future 
Reef researchers, managers and users, and conservation and other interest groups. 

Chris Crossland 
Chair, Organising Committee 
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Section 1 

Contributed Papers 



S E S S I O N  1 

Land use influence 
and nearshore processes 

and pressures 



The distribution of sediments and nutrients throughout the 
Whitsunday Islands inner shelf region, Great Barrier Reef 

Steve G B l a k e  
Environmental Geochemistry Group, Research School of Earth Sciences, Australian National Universit), 
ACT 2600 
Present address: Environmental Science Section, Environmental Resources h~ormation Network, 
Department of the Environment, Sport and Territories, Canberra ACT 2601 

A B S T R A C T  

Various physico-chemical parameters are described and quantified along a seven 
site gradient of riverine discharge in the Whitsunday Islands inner shelf region of 
the Great Barrier Reef. A gradient of decreasing suspended solids concentrations, 
turbidity, 813C values, percentage terrigenous matter, total organic matter and 
silicate away from the Proserpine and O'Connell Rivers is observed. However, 
offshore repositories of some metals (Cu, As, Zn, Cr and Mn) and TP mainly exist 
in the leeside protected embayments in the southern and central Whitsunday 
Islands region and within the protected mainland embayments. Strong macro-tidal 
currents in the Repulse Bay and southern/central Whitsunday Islands region 
maintain much of the clay-sized material in suspension in the water column, the 
suspended load being deposited only in the quiescent settings of leeside 
embayments (southern and central Whitsunday Islands regions) and also wherever 
the meso-tidal currents are strongly reduced in velocity (northern regions). 

Sediment grain size controls the distribution of metals, nutrients and organic 
matter. Nutrients (P and N) and organic matter concentrations occur in higher 
abundances in the marine environment than is found on land, indicating that this is 
their main depositional site. The long distance transportation of nutrients 
(especially P) from the catchment sources has a significant influence on the 
geochemistry of the marine sediments of the Whitsunday Islands inner shelf 
region. In contrast, metals are typically found in lower concentrations offshore, 
however discrete repositories are still seen to exist in the marine environment 
associated with depositional settings. 

Macroalgae increasingly tend to dominate the benthic community composition in 
areas characterised by high nutrients/suspended solids concentrations, often at the 
expense of both hard and soft corals. Such a phase-shift to macroalgal dominance 
has occurred at the Repulse Islands in Repulse Bay. Turbidity (light limitation) is 
preferentially selecting for certain species in these 'harsher' environments (e.g. the 
Repulse Islands). However, at the majority of sites in the Whitsunday Islands region 
not characterised by such chronic turbidity, ecological processes are likely to be 
more important in shaping the benthic community patterns than are physico- 
chemical ones. 

I N T R O D U C T I O N  

A major threat to the inner shelf regions of the Great Barrier Reef is considered to come 
from land-based sources, specifically those coastal catchments adjoining the Great Barrier 
Reef where agriculture (both grazing and cropping) is practised (Johns et ai. 1988; 
Yellowlees 1991; Moss et al. 1992). Generally, the approach taken to date has been to 
analyse water quality in the rivers and in the offshore receiving waters. This 'cause and 
effect' approach relies on both the maintenance of long-term time series of water quality 
and also the capture of discrete 'events' such as cyclonic rainfall-induced floods. 
Geochemical studies provide information on terrestrial sediment provenance and dispersal 
patterns. 

The Proserpine region, settled in 1860, has a long history of sugarcane cultivation 
commencing in the late 1870s, a cane processing mill being established there as early as 



1897 (Proserpine Historical Museum Society 1988). Fertilisers have been used extensively 
on sugarcane plantations since the mid-1940s in north Queensland and the quantities of 
fertiliser utilised have been on the increase ever since. Estimates of current usage indicate 
that approximately 13 000 tonnes of fertiliser (mostly urea and phosphatic blends) are 
added per year in the Proserpine region alone. The estimate for the Proserpine-Plane 
catchments are 21 000 tonnes of nitrogen (N) and 3000 tonnes of phosphorus (P) per year 
(Steven 1995). Sugarcane and pastoral land for cattle grazing dominate the two catchments' 
land usage, with nearly 20% (17 500 hectares) of the Proserpine catchment's total area 
under sugarcane cultivation. 

The results of coral reef mapping in the Whitsunday Islands region have previously been 
described by van Woesik (1992) and Blake (1994). In general, the fringing reefs are 
observed to become more diverse and are seen to display more luxuriant growth forms the 
further northwards and eastwards you progress away from Repulse Bay. Coral/algal 
mapping was undertaken at seven sites along a transect moving away from the river mouths 
in 1993 by van Woesik, Tomascik and Blake (paper submitted). The accompanying 
physico-chemical information collected along the seven site transect is the subject of this 
paper. The aim of the study was to test whether there exists a discernible gradient of riverine 
discharge effects throughout the Whitsunday Islands region away from the mouths of the 
two rivers (Proserpine and O'Connell) which discharge into Repulse Bay. 

M A T E R I A L S  AND M E T H O D S  

Field sampling 
The field phase of the project commenced in January 1993 in conjunction with the 
coral/algal community mapping when water samples, bottom grab samples and sediment 
cores were collected, split and sub-sampled from 7 study sites to study several water column 
parameters (detailed in table 1), the surface and down-core distribution of grain-size, metals, 
nutrients and organic carbon (including 513C isotopes). The seven study sites are (with 
increasing distance away from the river mouths): The Repulse Islands; Cow and Calf Islands; 
Pine Island; Long Island; North Molle Island; Armit Island; Double Cone Island. 

The sediments in the cores were sub-sampled at 10 cm intervals. A suite of 156 surface grab 
samples were collected in order to detect the offshore extent of river flood plumes and the 
geochemistry of the Proserpine and O'Connell River catchments. Both the sediment cores 
and the grab samples were snap frozen immediately on recovery. Water sampling was 
continued at the seven study sites at bi-monthly intervals until July 1994. Nutrient, turbidity 
and suspended solids sampling of the water column at the study sites was also undertaken in 
the region between 1988 and 1992 and is fully described in Blake (1994). Inter-Ocean $4 
current meters were located at the base of the reef slope at each of the 7 study sites for a 
period of approximately one month. The current meters were located 1 metre above the sea- 
floor mounted on current meter stands. The current meters were programmed to record 
current speed, current direction and water depth twice an hour. 

Laboratory sampling 
The following determinations were undertaken on the sub-sampled core sediments and the 
grab samples: 

(a) Total N and P, total organic matter and mud content were determined from the 
bulk samples 
(b) Trace metals (AI, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd and Pb) using a two-step 
sequential analysis technique on the < 0.063 mm fraction 
(c) Grain-size and calcium carbonate content 
(d) 513C isotopes and organic carbon content 
(e) Accelerator mass spectrometry (AMS) 14C dating and conventional 14C dating of 
the down-core charcoal fragments and small and largeshells respectively 
(f) Pore water Total N and P and sediment water content, pH and Eh 

513C and organic carbon determinations were also made on representative surface sediment 
samples in the vicinity of the Proserpine and O'Connell Rivers sediment plume pathway to 
delineate terrigenous dispersal in an offshore direction (Chivas et al. 1983; Chivas 1991). 
~513C and organic carbon determinations were processed at the Stable Isotope Laboratory, 
Research School of Earth Sciences, Australian National University. Water column dissolved 
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inorganic nutrient concentrations were measured at the Australian Institute of Marine 
Science and the New South Wales Environmental Protection Authority. Suspended solids 
(SSC) and chlorophyll a determinations were made at the Australian National University 
according to the methods of Strickland and Parsons (1972). Sediment metal and nutrient 
concentrations were determined in the AWT Hydro-Sedimentology Laboratories, Sydney. 

R E S U L T S  

Sediment, nutrient, metal and current data 
The results from the study are summarised in table 1 as mean concentrations/levels. The 
numbers of samples averaged to derive the mean values in table 1 are listed where n = the 
number of samples per site. Suspended solids concentrations (SSC) are measured in mg/L (n 
= 54). Turbidity is measured in NTU (n = 54). Chlorophyll a is measured in ~g/L (n = 54). 
Dissolved inorganic nutrients are measured in mM (n = 54). Sediment metal data is based 
on the fine fraction (< 0.063 mm) only (n = 4). Sediment nutrient data are based on bulk 
samples (n = 4). All sediment metal and nutrient data are expressed in mg/Kg. All pore 
water nutrient data are measured in mg/L (n = 4). Current velocity values (both mean and 
maximum) are expressed in cm/sec (n = 1344). Sedimentation rates are in mm/yr (n = 4). 

These data indicate that the highest levels of suspended solids and turbidity are found in the 
Repulse Bay region. This finding is supported by the silicate results which indicate the most 
terrestrial input is directly into the Repulse Bay region. The organic carbon, 513C stable 
isotope, percentage terrigenous versus carbonate and the sediment metals data indicate that 
the terrigenous sediment derived from the Proserpine and O'Connell Rivers is in fact 
accumulating at a greater rate in the southern and central Whitsunday Islands regions as 
opposed to Repulse Bay. This conclusion is supported by the sediment total P and 
sedimentation rate data, the highest rates occurring in the protected leeside island 
embayments of Long Island and at North Molle Island. The macrotidal currents in Repulse 
Bay are not as conducive in allowing direct sediment deposition and uninterrupted 
accumulation as occurs in the protected mainland and island embayments to the north of 
Cape Conway. The highest current velocities (both mean and maximum values) occur at Site 
1 (Repulse Islands) and Site 5 (North Molle Island). Sites 2, 3 and 4 displayed very similar 
current velocities. Sites 6 and 7 displayed the lowest current velocities. 

Sediment TKN values vary little throughout the study region but are generally highest in 
those regions where tidal currents are weakest. Relatively enhanced concentrations of NO3 
exist in the Repulse Bay and North Molle Island regions where tidal currents are the 
strongest. The results indicate that the sediments are probably the main source of dissolved 
N species and that tidal currents are likely to be responsible for promoting this process. 
Chlorophyll a levels are seen to increase where dissolved inorganic N levels are high and 
correspond with low SSC and reduced turbidity such as occurs at Long Island and North 
Molle Island. This same trend has previously been described in the region (Blake et al. 
1994). Elevated chlorophyll a levels are not seen at the Repulse Islands, Cow and Calf 
Islands and at Pine Island probably as a result of the reduced light penetration due to 
enhanced turbidity (Walker 1981; Kirk 1983; Grobbelaar 1985). 

The Repulse Islands communities 
At the Repulse Islands a few small stunted coral colonies are growing on the shallow rocky 
slopes. There is a high macroalgal cover (65-70%) comprising large fleshy species, whilst 
the hard coral and soft coral cover account for 4% and 7% of the total space respectively. 
Visibility on SCUBA is normally between 0.1--0.3 m. Hard coral species recovered to date 
have been very small encrusting forms exhibiting stunted morphologies. Massive Porites 
spp. core samples collected display a hummocky growth form combined with a very dark 
skeleton, indicating sediment incorporation during growth. The density bands are very close 
together which suggests very slow growth at this location. Forty-one species of scleractinian 
and alcyonarian corals have been identified from the Repulse Islands. 

The number of genera recorded at the Repulse Islands was low compared with sites to the 
north but was not statistically significantly lower. Genera belonging to the Families Faviidae 
(especially), Dendrophylliidae, Siderastreidae and Poritiidae dominate the hard coral 
community composition of the Repulse Island Group. The following species are particularly 
abundant at the Repulse Islands: Montipora spp., Turbinaria frondens, Goniastrea favulus, 
Goniastrea australensis, Pocillopora damicornis. All these species are known for their 
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Table 1. Summary of water column, surficial sediment, down-core nutrient/metal and 
current velocity results from the seven study sites. All values are site means. 

SSC 
Turbidity 

Chl a 
Si(OH)4 

PO4 

NO3 
NOz 
NH4 

Mud % 
TOM % 

H20% 
pH 
Eh 

TKN 
Pore Water 

TP 
.Pre Water 

Nt ",.r ;e,(; 3 ;  

~;~,,.:IS I altl'll$~, 

Cu 
Zn 
As 

9.7 
7.3 

0.88 
5.44 

0.20 

0.21 

0.05 

0.97 

28.1 
9.5 

30.55 

8.0 
37.0 
6.83 

0.27 

:i-)s!~indslZ 
7.0 
5.2 

0.86 
5.11 

0.20 

0.19 

0.10 

1.81 

32.2 
7.8 

29.35 

7.2 
-230.0 
8.36 

0.33 

P i n e  . .  Lo.n,g ~ Nor th  .":'  Armi t  
~-i!!i~[ahd -Isi:~'tt .>! , : M o i l e - :  I s l a n d : :  
-:-/"~-':~'" .it :> .i: .:" . : ,  I M a n d .  : .... , 

6.2 4.8 3.3 
4.7 3.7 2.5 

0.83 
4.97 

0.19 

0.19 

0.07 

0.73 

23.1 
7.7 

30.70 

7.4 
95.2 
7.61 

0.30 

1.07 
4.12 

0.19 

0.18 

0.06 

0.62 

33.42 
6.6 

35.27 

7.3 
-29.5 
7.74 

0.32 

1.21 
3.05 

0.20 

0.26 

0.07 

1.22 
30.2 
6.0 

30.24 

7.9 
73.8 
5.93 

0.13 

2.3 
1.8 

0.40 
2.08 

0.19 

0.15 

0.02 

0.65 

27.9 
4.4 

27.96 

7.1 
97.4 
3.26 

0.04 

D o u b l e  
C one ,  

, , Is land 
2.1 
1.6 

0.3t 
1.93 
0.17 

0.19 

0.02 

0.62 

12.7 
2.8 

26.00 

7.4 
110.4 
2.11 

0.03 

AI 55440.27 48010.10 52058.91 49645.83 52051.85 40328.20 34351.52 
Cr 53.94 56.71 55.04 58.63 56.81 49.40 38.87 
Mn 335.98 347.88 326.94 332.20 332.84 296.68 291.54 
Fe 28005.69 25103.82 26242.50 27552.14 25765.49 19152.34 14558.31 
Ni 22.47 22.96 23.05 48.04 22.15 17.98 17.66 

20.58 18.41 40.33 45.94 37.25 21.14 18.55 
54.74 54.73 51.16 75.71 49.66 40.70 36.01 
4.54 7.52 4.97 5.79 4.27 4.94 2.57 

CA 3.10 3.76 3.48 3.20 3.38 3.36 3.45 
Pb 11.49 11.08 1t.13 17.88 11.62 9.19 10.26 

TKN 422.98 535.78 463.66 403.27 292.89 282.03 407.41 
938.22 TP 1011.57 854.09 1032.46 826.51 771.07 613.70 

813C -16.85 -19.23 -17.31 -18.09 -16.17 -16.54 -16.37 
(I M) 
%OC 1.07 0.35 0.26 0.79 0.79 0.74 1.77 
(1 M) 
~i13 C -19.21 -19.04 -18.08 -18.76 -16.32 -17.18 -16.42 

(0.5 M) 
%OC 1.64 0.44 0.30 0.91 0.90 1.39 1.99 

(0.5 M) 
% Terrig. 59.6 70.2 65.2 55.7 51.0 49.4 44.5 
% Carb. 39.0 29.8 34.8 44.3 49.0 50.6 55.5 

26.8 26.0 9.8 

48.1 

no data 

37.8 

91.2 

0.4-0.8 

61.4 

0.8-1.1 

63.7 

33.0 

81.3 

Mean 
current vel. 
Maximum 

current vel. 
Sedn. rate 0.4-0 .6  0.3-0.7 

25.0 

59.2 

0.3-0.6 

10.9 

49.7 

no data 

hardiness (via active and passive sediment rejection strategies) in muddy environments 
subjected to large tidal ranges (Veron 1986; Stafford-Smith and Ormond 1992). 

Two elevated fossil micro-atolls present at the Repulse Islands have diameters up to 1.5 m 
and have been 14C dated at 2320 + 70 BP and 2770 + 70 BP respectively (ANU Quaternary 
Dating Research Centre). The abundance of these well formed micro-atolls combined with 
their large size may be indicative of less harsh conditions within the bay approximately 
2500 BP. These dates also indicate a high sea-level stand approximately 1 m above present 
lasting until 2500 BP in agreement with the dates reported in McLean et al. (1978), Polach 



et al. (1978), and the Chappell (1983) and Larcombe et al. (1995) sea-level curves 
constructed from fringing reef micro-atoll data for north Queensland. 

C O N C L U S I O N S  

(1) A gradient of decreasing SSC, turbidity, ~513C, percentage terrigenous matter, total 
organic matter and silicate away from the rivers exists in the Whitsunday Islands region. 
However, offshore repositories of some metals (Cu, As, Zn, Cr and Mn) and TP mainly exist 
in the leeside protected embayments in the southern and central Whitsunday Islands region 
and within the protected mainland embayments. Strong tidal currents in the Repulse Bay 
and southern Whitsundays region maintain much of the clay-sized material in suspension in 
the water column, the suspended load being deposited only in the quiescent environment of 
protected embayments in the leesides of islands, adjacent to the mainland in protected 
embayments and also wherever the tidal currents are strongly reduced in velocity. 

(2) TP occurs in highest abundance within the clay-dominated, muddy, organic matter-rich 
protected embayments of the Whitsunday Islands inner shelf region where the highest 
sedimentation rates are occurring. 

(3) TKN is likewise found in highest proportions in the main Whitsunday Island Group, 
especially where the weakest tidal currents occur. 

(4) As, Cu, Zn, Cr and Mn combined with TP concentrations are providing the best 
indication to date that eroded soil and dissolved trace metals from the Proserpine catchment 
are entering the marine environment. 

(5) Sediment grain size itself controls the distribution of metals, nutrients and organic 
matter. Nutrients (P and N) and organic matter concentrations occur in higher abundances 
in the marine environment, indicating that this is their main depositional site. The long 
distance transportation of nutrients (especially P) from the catchment sources has a 
significant influence on the geochemistry of the marine sediments of the Whitsundays inner 
shelf region. In contrast, metals are typically found in lower concentrations offshore, 
however discrete repositories are still seen to exist in the marine environment. 

(6) At the Repulse Islands the scleractinian corals are limited to encrusting a rocky slope in 
an environment of very high tidal current velocities, a very high tidal range and associated 
high ambient turbidity. Small robust, isolated and stunted colonies, principally belonging to 
the Family Faviidae (covering < 4% of the substrate) are co-existing with a high fleshy 
macroalgal biomass (covering 65-70% of the substrate). 

(7) Turbidity (light limitation) is preferentially selecting for certain species in the 'harsher' 
environments (e.g. the abundance of faviids and montiporids at the Repulse Islands). 
However, at the majority of sites in the region not characterised by such chronic turbidity, 
ecological processes are likely to be more important in shaping the benthic community 
patterns than are physico-chemical ones. 

D I S C U S S I O N  

Little mention is made in the literature on the role of sedimentation or turbidity to the 
eutrophication process, despite the association of high sedimentation, turbidity and nutrient 
enrichment in situations of documented eutrophication (Smith et al. 1981). Habitat loss/ 
destruction due to soft substrate build-up associated with chronic sedimentation prevents 
colonisation by coral planulae and provides one of the primary limiting factors to the 
establishment of coral planulae (Johannes 1975; Hubbard 1986; Acevedo et al. 1989). It is 
hypothesised that very high turbidity can act in synergy with direct sedimentation effects in 
reducing the suitability of a site for establishment and growth to some coral species, 
enabling others a competitive advantage (Fisk and Harriott 1989; Hopley et al. 1992; 
Stafford-Smith and Ormond 1992). 
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Spatial variation in stream water quality in a humid tropical 
catchment: long profile and tributary stream patterns 

D T  Neil 
Department of Geographical Sciences and Planning, The University of Queensland Qld 4072 

A B S T R A C T  

Spatial patterns of stream water quality (turbidity and conductivity) in the Tully 
River catchment were investigated in relation to subcatchment characteristics. These 
parameters were converted to suspended sediment concentration (SSC) and total 
dissolved solids (TDS), respectively, using empirically derived calibration curves. 
Water samples were obtained from the Tully River at 17.5 (2.5 km above tidal 
limit), 57 and 72 km upstream on 15 occasions. In addition, 50 paired SSC 
observations were made for the 17.5 and 57 km upstream sites, and 47 paired TDS 
observations at these sites. Samples were also obtained from 46 tributary streams 
on 15 occasions of varying streamflow conditions. 

Mean SSC and TDS increased downstream, by 318% and 16%, respectively, 
between 57 and 17.5 km from the river mouth. This increase is associated with a 
change in land use from 1.5% area cleared for grazing upstream of 57 km to 8% 
cleared for cropping and 12% cleared for grazing upstream of 17.5 km. Land use 
(% area cleared) is the catchment characteristic which best predicts both SSC and 
TDS in tributary catchments. 

I N T R O D U C T I O N  

Spatial variations in catchment characteristics determine patterns of water quality which in 
turn determine net exports from the catchment. Although the contribution of humid tropics 
catchments to the total input of both freshwater and sediments to the Great Barrier Reef 
lagoon is relatively small (Neil and Yu 1995) some of the most intensive land use in the 
Great Barrier Reef catchment occurs in this region. Therefore, it is important to establish, at 
a catchment scale, the contribution of land use to sediment yield from the humid tropics 
region. The paper examines the spatial relationships between water quality and catchment 
characteristics in the Tully River, a humid tropical catchment discharging to the Great 
Barrier Reef lagoon, with particular reference to the land use factor. 

M E T H O D S  

Study area: The Tully River, in the humid tropics of north-east Queensland, has a catchment 
area of 1685 km2, mean annual rainfall is estimated at 3 000 mm and mean annual stream 
flow at 3.7 x 106 ML. Montane and plateau areas retain a rainforest cover on late Palaeozoic 
granites and volcanics. Land use in the catchment, predominantly improved pasture, sugar 
cane and banana growing, is largely confined to flood plains. The Tully River discharges 
into Rockingham Bay. Continental (high) islands in the Bay have small areas of fringing 
reef and reefs of the Great Barrier Reef lie a further 30 km eastward. 

Sampling and Analysis: Dip (grab) samples, from 10 cm depth, were obtained during the 
periods November 1987 - March 1988 and March-April 1990 (long profile analysis) and 
during November 1987 - March 1988 (tributary stream analysis). Because this study is 
largel~concerned with thequanti ty and behaviour of fine sediments which may be 
transported to sensitive coastal ecosystems, the use of dip sampling from the top of the water 
column is appropriate. For long profile analysis, water samples were obtained from the 
Tully River at Adopted Middle Thread Distance (AMTD i.e. distance upstream) of 17.5 (2.5 
km above tidal limit), 57 and 72 km on 15 occasions. A total of 50 paired SSC observations 
and 47 paired TDS observations were made for the 17.5 and 57 km AMTD sites. The 
locations of long profile water quality sampling points along the Tully River are shown in 
figure 1. Forty-six sites on tributaries of varying catchment characteristics were sampled on 
15 occasions during the 1987-88 sampling period, using a sampling scheme similar to that 
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of Walling and Webb (1975). Flooding rendered most tributary sites inaccessible during the 
1990 sampling period. Relationships between stream sediment concentrations and the 
characteristics of subcatchments of the Tully River were investigated using regression 
analysis. Catchment characteristics were interpreted from aerial photographs, soil, geology, 
topography and historical maps, and field checking. Nephelometric turbidity was calibrated 
against SSC as non-filterable residue on 0.45 gm filter papers. Conductivity was converted 
to total dissolved solids (TDS) using an empirically derived calibration curve. Calibration 
curves were based on samples from the Tully River and its tributaries. 

1000 

800 

E 
v 

,- 600 
0 

400 
I..I,J 

200 

Lower I Upper ILowerl Upper I 
alluvial alluvial gorge gorge 
reach reach reach reach 

I Plat eau reach I/ 

~ oombooloomba 
Dam 

S.4 
S . 4 ~ ~  Power 

S.3 st at ion 
S.1 out let 

I I I I I I 

0 20 40 60 80 100 120 140 

AMTD (km) 

Figure 1. Longitudinal profile of the Tully River and sampling site locations 

R E S U L T S  A N D  D I S C U S S I O N  

Long profile patterns: The trends in SSC and TDS with distance upstream are illustrated in 
figures 2 and 3 for sampling stations on the Tully River (Sites 1--4). A quite consistent 
pattern of increased concentrations for both parameters is observed with distance 
downstream. In the case of SSC there is a generally monotonic increase downstream, with a 
marked increase between Site 2 and Site 1 (figure 2). TDS is similar, although increasing 
most sharply from Site 4 to Site 3 (figure 3). The increase between Site 2 and Site 1 is a 
result of such factors as land use change (cropping, grazing and associated accelerated 
stream bank erosion) and flushing of particulates and solutes out of swamps in low lying 
areas of the floodplain during runoff events. Lower solute levels upstream are also likely to 
be a consequence of lower atmospheric accession rates to inland parts of the catchment 
(Neil 1994). A paired 't-test' indicates that both the SSC and TDS are significantly (p < 
0.05) greater at Site 1 than at Site 2. Between 57 and 17.5 km AMTD (Site 2 to Site 1), 
mean SSC increased by 318% (n = 50 paired observations). Mean TDS increased by 16% 
(n = 50 paired observations) between these two sites. 

The pattern of long profile SSC variation evident in the Tully river is the reverse of that 
reported by Richey et al. (1986) for the Amazon. In that case, the maximum SSC occurred 
at the station furthest upstream (c. 2500 km, in the Andes foothills) with a decline 
downstream. Such a pattern would be expected under natural conditions in the Tully in 
response to the steep terrain of the upper reaches. However, Douglas (1967) reports higher 
(about double) suspended sediment loads in the lower reaches than in the upper reaches of 
the Barron River, and Davies and Millstream Creeks, north Queensland. This he attributes to 
land use change in the lower reaches, a pattern consistent with that in the Tully River. The 
318% SSC increase and 16% TDS increase are associated with a change in land use from 
1.5% area cleared for grazing upstream of Site 2 (57 km AMTD), to 8% cleared for 
cropping and 12% cleared for grazing upstream of Site 1 (17.5 km AMTD). Similar SSC 
patterns have also been reported elsewhere in eastern Australia (e.g. Loughran et al. 1986). 
It is likely that, in catchments of similar topography to the Tully, long profile suspended 
sediment concentrations decline downstream under natural conditions and the reverse may 
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occur when land use intensification occurs on the floodplain. Catchment lithology is 
generally seen as the major determinant of streamwater chemistry (Currey 1970; Banens 
1987), although land use (Walling and Webb 1975) and rainfall (Yu and Neil 1993) may be 
a factor within catchments and, where solute concentrations are low, atmospheric accession 
may play an important role in some coastal catchments (Douglas 1968; Cornish and Binns 
1987). The solute data suggest that all of these factors apply in the Tully catchment. 
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Figures  2 (top) and 3 (bottom). Long profile variation in SSC (figure 2) and TDS 
(figure 3) in the Tully River 

Tributary patterns: The relationship between stage and the median SSC observation for sites 
within the alluvial plain terrain classes is shown in figure 4a, and for montane catchments in 
figure 4b in relation tos tage  at one o f  the sites. This site was chosen as an-index of stage 
height as its configuration permits accurate stage measurement and stage at this site is well 
correlated with that at the other sites. SSC increases with flow, as expected. The terrain 
classes fall quite clearly into two groups - the alluvial plain catchments and the montane 
catchments, with the former having higher SSC throughout the streamflow range. The SSC 
of the two montane groups is similar at low flows. As stage increases the granitic catchments 
appear to have marginally higher sediment concentrations than do those on rhyolite. 
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Figure 4. SSC in relation to stage (Site 15) for four terrain types (15 obsv. x 46 streams; 
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swampland; b (bottom) mg - rainforested montane granite, mr - rainforested 
montane rhyolite) 

The poorly drained swampy catchments have relatively high sediment loads at low stream 
flows. It is likely that high levels of productivity are maintained in these warm, shallow, 
relatively stagnant swamps and these productivity levels are enhanced by the aerial 
application of fertiliser, predominantly superphosphate. Some sediment resuspension 
probably occurs due to trampling by livestock. Consequently, at low discharges there is a 
steady export of, largely organic, particulates. During runoff events, however, organic 
particulates are rapidly flushed from the system and inorganic soil erosion products then 
predominate, indicated by the decline in SSC with increasing streamflow and then an 
increase to approximately the same level as other pasture subcatchments at higher flows. 
High particulate loads observed at low flows from these catchments are unlikely to have any 
significant effect on the overall sediment yield of the catchment. Comparison with 
topographically similar sites where drainage works have been carried out indicates that land 
use change may have reduced particulate loads from some areas of the catchment at low 
flows. The relationship between suspended sediment concentrations in tributary streams and 
the proportion of land cleared in each subcatchment is significant (p < 0.05) for 13 of the 
15 series of observations. For all significant relationships the slope was positive, confirming 
a general increase in the particulate concentration with area cleared. The relationship 
between % area cleared and median SSC at each of the 42 sites (the 4 swampland 
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catchments are omitted from this analysis as their hydrological and sediment transport 
characteristics are clearly atypical) is significant (p < 0.05)): 

SSC = 3.581 + 0.079. % area cleared; R2 = 0.310 [Equation 1] 

Other catchment variables were tested, including catchment area, relief, percent slope and 
length of unsealed roads.km-2 in the catchment. In general, less than half the variance 
explained by the % area cleared is explained by these variables. Neither do they 
significantly improve the relationship between SSC and % area cleared. In virtually every 
case, the sign of the slope coefficient is contrary to that which would have been expected, 
and supports the general conclusion that land use is regionally more significant than natural 
catchment characteristics in determining suspended sediment concentrations. 

For cropland on alluvium terrain, the mean area cleared is 36 + 20 %. Suspended sediment 
concentration is significantly correlated (p < 0.05) with % area'cleared for this terrain type: 

SSC = 2.442 + 0.090. % area cleared; R2 = 0.506 [Equation 2] 

There is no significant relationship between % cleared and SSC for the eight sites in the 
pasture on alluvium terrain class. Although there is no clear evidence of the effect on SSC 
of land use change to pasture on the alluvial plain, an increase by a factor of 2 seems a 
realistic estimate. There is an insufficient range of % area cleared in the two montane terrain 
classes to estimate the effect of land clearing therein. 

Apart from the general trend in relation to discharge (TDS is inversely related to 
streamflow), the TDS data for this broad-scale spatial survey follow a generally similar 
pattern to that evident for SSC. The solute loads for the two montane, forested terrain types 
are always lower than for the alluvial plain catchments, for a given discharge. At low 
discharges the alluvial plain swamplands have much higher solute concentrations than for 
cropland or pasture. This is attributed to the same conditions of drainage from eutrophic 
swamps as contributed to the high SSC levels in these catchments at low discharges. At 
increasing discharges, cropland solute concentrations exceed those from pastureland and 
swampland solute concentrations are similar to those from pasture. Montane catchments 
have lower solute concentrations than those on the alluvial plain at all stages observed. 

Of the catchment characteristics evaluated, the % area cleared is the best correlate of solute 
concentration. This relationship (Eqn. 3) is significant (p < 0.05). 

TDS = 30.788 + 0.107. % area cleared; R2 = 0.31 [Equation 3] 

The other catchment variables tested were poorly correlated with solute concentration and, 
with the exception of catchment relief, do not significantly improve the relationship between 
TDS and % cleared. A decline in solute load with increased relief is likely to be the result of 
greater overland flow relative to throughflow, and to decline in atmospheric accession with 
elevation (Neil 1994). There is a similarity between SSC and TDS as they relate to area 
cleared within terrain classes. For the alluvial cropland there is a significant (p < 0.05) 
relationship between TDS and % area cleared at high flows and for the median of stage for 
the 15 sets of observations, but at low flows the relationship is not significant. There is no 
relationship between % cleared and TDS in the alluvial pasture terrain class. Interpretations 
generally similar to those for SSC patterns may be made of these results. Higher solute loads 
occur in streams on the alluvial plain than from the montane catchments because of the 
greater proportion of streamflow derived from throughflow in the former terrain. On the 
alluvial plain, solute concentrations at low flows are similar for both terrain classes. As 
streamflow increases, with a greater proportion derived from surface runoff processes, solute 
loads from cropland exceed those from pasture, probably as a result of the higher levels of 
soluble fertilisers applied to the cropland. These interpretations are tentative and require 
detailed process studies to confirm them. 

. . . . . .  From long profile analysis it was shown thai mean SSC consistently increased downstream, 
by 318% between 57 and 17.5 km AMTD. Mean TDS increased by 16% between these two 
sites. These increases are associated with a change in land use from 1.5% area cleared for 
grazing upstream of 57 km AMTD to 8% cleared for cropping and 12% cleared for grazing 
upstream of 17.5 km AMTD. Of the catchment characteristics evaluated in the tributary 
stream analysis, land use (% area cleared) is the best predictor of both SSC and TDS. The 
results suggest an increase in SSC by a factor of 4.7 for a lowland catchment 100% cleared 
for cropping, or by 3.2 for 100% cleared catchments in general. TDS increases 35% for a 
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100% cleared catchment. Highest SSC and TDS both occur in alluvial plain swamplands at 
low flows, although this aspect of water quality contributes little to the total sediment and 
solute yield of the catchment which is largely controlled by concentrations at high flows, at 
which times land use effects dominate. These results contribute to the discussion of 
downstream effects of land use in the Great Barrier Reef catchment by: 

i. demonstrating the relative importance of land use compared with other catchment 
characteristics on a regional scale. Within the tributary stream analysis, subcatchment 
landuse was consistently the catchment characteristic best correlated with both water quality 
parameters analysed. Furthermore, land use was generally the only parameter which was 
significantly related to water quality. Characteristics such as the area, relief and lithology of 
tributary catchments were apparently overshadowed by the contribution of land use. 

ii. indicating the magnitude of the land use effect for a humid tropical catchment. 
Standardising to a 20% cleared catchment (as the Tully was at the time of data collection; 
and assuming that land use intensification in such a standardised catchment occurred on 
floodplains, not hillslopes) the land use associated increase in median SSC estimated from 
the long profile analysis is by a factor of 2.1 and from the tributary stream analysis is 1.4. 
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A B S T R A C T  

Water Quality Monitoring in Australia is a study of Australia's water quality 
monitoring effort - covering all water types e.g. fresh and marine surface water, 
groundwater, effluents and drinking water. The project has two major products: 
�9 Water Quality Monitoring in Australia (WQMA) Report, with an annex covering 

Australia's Exclusive Economic Zone. 
�9 Water Quality Monitoring in Australia Database. 
The project was funded by the Federal Environment Protection Agency with 
additional funds from the State of the Environment Reporting Unit of the 
Department of the Environment, Sport and Territories, and carried out by 
Aquatech Environmental Consultants. 

The paper will describe the main findings and recommendations of the report and 
annex, with emphasis on relevance to the Great Barrier Reef. The paper will also 
introduce the WQMA Database, which is undergoing pre-release or 13 testing, and 
demonstrate its usefulness as a research and management tool, with an emphasis on 
the Great Barrier Reef region. 

The report makes seven main recommendations regarding: 
�9 the distribution of funds within water quality monitoring programs 
�9 the coordination of water quality monitoring activities 
�9 the reporting and analysis of long-term monitoring data 
�9 increasing community involvement in water quality monitoring 
�9 provision of regular updates of water quality monitoring in Australia 
�9 integration of water quality monitoring into the National Water Quality 

Management Strategy and into Total Catchment Management approaches 
provision of a nation-wide (including the Exclusive Economic Zone) water 
quality monitoring system 

The database includes details on the water quality monitoring activities of more 
than 200 organisations covering all parts of Australia, including the Exclusive 
Economic Zone. The database is arranged by organisation: each organisation may 
administer from one to many monitoring programs; each monitoring program 
may cover one or many 'variable sets' (i.e. group of water quality determinands 
that are measured); each variable set may be monitored at one or more monitoring 
sites. The geographic location of each monitoring site is included (if provided by 
the monitoring organisation), facilitating searches on 'who is monitoring what, 
where?' 

I N T R O D U C T I O N  

The Environment Protection Agency commissioned a study by Aquatech Pty Ltd to produce 
a comprehensive assessment of water quality monitoring across Australia, as a basis for the 
development of a more uniform and efficient approach. Additional funds were provided by 
the State of the Environment Reporting Unit of the Department of Environment, Sport and 
Territories to upgrade the database from the study. The Water Quality Monitoring in 
Australia (WQMA) Report was released by the then Minister for the Environment, Sport and 
Territories, Senator Faulkner, in October 1995. 
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M E T H O D S  

The  main study focused on water quality monitoring for drinking waters, inland, estuarine 
and coastal waters and effluents within the following categories: 
�9 drinking water reticulation systems 
�9 drinking water supply reservoirs 
�9 lakes and dams 
�9 rivers and creeks 
�9 general riverine environment 
�9 urban stormwater 
�9 groundwaters 
�9 estuaries 
�9 coastal waters 
�9 industrial water supply and process effluent 
�9 agricultural run-off. 

The study involved the distribution of a questionnaire to about 2000 organisations around 
Australia and there were follow up interviews with the most significant organisations. The 
study has been extended to cover Australia's marine waters including the Exclusive 
Economic Zone (EEZ), Territories and Antarctica. This extended study will be reported in 
detail later, but some information is provided in this paper. 

R E S U L T S  A N D  D I S C U S S I O N  

Over 200 organisations responded with information on monitoring programs for drinking 
waters, inland, estuarine and coastal waters and effluents and later, 18 organisations 
responded with further information on marine programs. 

The report found that there are around 1800 water quality monitoring programs in Australia 
for drinking waters, inland, estuarine and coastal waters and effluents worth about $100 
million each year (programs can vary considerably in size and scope). About 65% of 
monitoring is by State, Territory or local governments. The rest is by the Commonwealth, 
community organisations, universities and private companies. Additionally there were 22 
marine monitoring programs costing about $10 million each year. 

Summary statistics on monitoring programs are shown in tables 1-3 

Table 1. Number of water quality monitoring programs across Australia for drinking waters, 
inland, estuarine and coastal waters and effluents 

Category Numbers of (non EEZ) water quality monitoring 
programs across Australia for drinking waters, inland, 
estuarine and coastal waters and effluents (in 1993), 
conducted by governments, universities and research 
organisations, private companies and community 
organisations 

Industrial water supply and process effluent 447 
Drinking water reticulation systems 290 
Rivers and creeks 251 
Drinking water supply reservoirs 192 
Lakes and dams 169 
Groundwaters 48 
General dverine environment 83 
Estuaries 69 
Coastal water 63 
Urban stormwater 58 
Agricultural run-off 27 

Total 17 9 6 
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The Aquatech study generated the WQMA Database on monitoring organisations, programs, 
sites and parameters measured. This database is undergoing pre-release or 13 testing by some 
potential users in agencies. 

Table 2. Examples of numbers of water quality monitoring programs for drinking waters, 
inland, estuarine and coastal waters and effluents and marine waters 

State or Territory 

New South Wales 
Victoria 
Queensland 
Northern Territory 
Tasmania 
South Australia 
Western Australia 
Australian Capital Territory 
Australia's Islands 
Australian Antarctic 
Territory (AAT) 

Number of non EEZ water 
quality monitoring 
programs for drinking 
waters, inland, estuarine and 
coastal waters and effluents 
conducted by state, territory 
or local government (in 
1993) 

Number of water quality 
monitoring programs in 
EEZ conducted off 
coastlines of states and 
territories and for islands 
and Australian Antarctic 
Territory (1995) 

346 5 
340 3 
243 

85 
69 
37 
25 
20 

*1 
#3 

Total 1165 22 
*potable water 
#drinking water and sewage discharges 

The consultant also provided answers to about 25 questions posed in the specifications for 
the consultancy, for example on, organisations conducting water quality monitoring, 
mechanisms for coordination, indicators of water quality and guidelines being used, quality 
assurance and control procedures, databases and availability of data on water quantity. 

Table 3. Reasons for the existence of monitoring programs 

Reasons for the existence of a 
particular water quality 
monitoring program 

Statutory or legislative 
Operation or process 
optimisation 
Licence requirement 
Academic, educational or 
research 
Total catchment management 
Pilot study 

Per cent of non EEZ water 
quality monitoring programs 
for drinking waters, inland, 
estuarine and coastal waters 
and effluents (1993) 

Per cent of EEZ water quality 
monitoring programs 
conducted off coastline of 
states and territories and for 
islands and Australian 
Antarctic Territory (1995) 

24 10 
23 

16 

25 

10 
| 

12 
6 20 

Total ~ -- , - 100 100 = 

The existing distribution of resources within components of monitoring programs was 
estimated through discussions with program managers from about 50 key water management 
agencies. About 60% of budgets went to laboratory analysis, with the remaining 40% spread 
over the other components of programs, which was often insufficient for needs. The 
proposed distribution of resources (see Recommendation 1 below) Was also based on these 

20 



discussions. Program managers felt monitoring programs needed more resources devoted to 
field determinations with portable equipment, statistical analysis of results, and dissemination 
of results to the scientific and general communities. Redistribution of some funds (up to 
about a third) from laboratory analysis to the other components was the best option as 
overall budgets are unlikely to increase. 

The main report and annex list many references on water quality monitoring. 

S U M M A R Y  OF R E C O M M E N D A T I O N S  of the W a t e r  Qual i ty  Monitoring 
Study 

1 Redistribution of funds within water quality monitoring programs 
To achieve greater effectiveness and efficiency within water quality monitoring programs, 
redistribute funds internally in line with the following approximate breakdown: 
�9 preparation and planning to meet program objectives - 15% 
�9 sampling and field analyses - 15% 
�9 laboratory analyses - 40% 
�9 data storage, analysis and interpretation - 15% 
�9 report preparation and dissemination - 15% 

Redistributing funds within programs reduces the emphasis on laboratory analyses and 
would entail training personnel for new skills, redesign of programs, greater use of field 
analyses, and the reporting of information to the general community. The outcome would be 
better designed and operated programs that produce more and better information for water 
resource management. 

2 Increased coordination 
Select a government agency in each State and Territory, and the Commonwealth, to: 
�9 coordinate water quality monitoring activities within their area of jurisdiction; and 
�9 coordinate the flow of information generated from monitoring to the general community 

and the technical community. 

Better coordination, for example through agency coordinators, a one stop shop and 
continued support for the 'Streamline' database would reduce the overlap between 
monitoring programs, encourage collaboration between organisations and improve 
information flow to water managers. 

3 Increased reporting and analysis of long-term monitoring data 
To promote increased analysis, interpretation and reporting of long-term water quality 
monitoring data, as part of the state of the environment reporting process, select and analyse 
water quality monitoring databases. 

This would also involve developing agreed standards for databases and linkages with 
geographical information systems. Much of the water quality monitoring data collected over 
the years needs further examination and analysis to enable better conclusions such as 
determination of long-term trends, establishment of baseline data for Environment Impact 
Assessment (EIA) and better monitoring program design. A program to implement this 
Recommendation would be best implemented through collaboration between agencies. 

4 Increased community involvement 
Continue to increase the amount and extent of community involvement in water quality 
monitoring, including further integration of community monitoring with agency 
monitoring. 

Community based monitoring has become increasingly important in recent years through 
State based schemes such as Streamwatch (NSW) and Ribbons of Blue (WA) and the 
Commonwealth's Waterwatch. It is important that this continue, to build up links between 
community groups, government and private sectors, to facilitate on ground action for 
remediation, to promote education in water quality issues, to develop databases and to 
achieve national consistency in data gathering and reporting. 
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5 Provision of a regular update of water quality monitoring in Australia 
To coincide with state of the environment reporting periods, provide at appropriate intervals 
e.g. every four years, an update of water quality monitoring in Australia. 

6 Integration of water quality monitoring into the National Water Quality Management 
Strategy (NWQMS) and into Total or Integrated Catchment Management approaches 

Ensure that the concept of water quality monitoring as an 'information system' is an integral 
part of  the NWQMS and Total Catchment Management approaches. 

This could include development of protocols and indices of water quality and would 
encourage the use of water quality monitoring information in state of the environment 
reporting, and in the operation of Total Catchment Management committees. 

7 Provision of a nation-wide water quality monitoring system 
Provide a nation-wide water quality monitoring system, by selecting about 100 currently 
monitored sites for each of the four main environmental waters types (rivers, lakes, 
estuaries/coastal and groundwaters), the results to be used in state of the environment 
reporting. Continued funding of the Monitoring River Health Initiative involving biological 
indicators of  water quality is also recommended. 

The recommendations in the annex on monitoring in the Exclusive Economic Zone are 
likely to generally mirror those in the main report, but include two relating specifically to 
marine waters i.e. design and implementation of a cost effective nationally coordinated 
marine monitoring program. 

Adoption of  the above recommendations would improve water quality monitoring in an area 
such as the Great Barrier Reef region. The region's monitoring would also form an 
important part of any national marine monitoring program (see also 'Use of the WQMA 
Database in the Great Barrier Reef region' below). 

O v e r v i e w  o f  t he  W Q M A  D a t a b a s e  

Arranged by organisation 
The information in the database is arranged by organisation: 
�9 Each organisation has a number of monitoring programs - there can be one or more 

programs per organisation, and each program belongs to one organisation. 
�9 Each program has a number of variable sets (a variable set is a set of variables that are 

monitored, such as: pH, conductivity, phosphorus and nitrogen) - there can be one or 
more variable sets per program. Thus, each variable set belongs to one program and one 
organisation. 

�9 Each variable set has a number of sites (a site is a location where monitoring takes place, 
and usually has a name, a latitude and a longitude) - there can be one or more sites per 
variable set. Thus, each site belongs to one variable set, one program and one 
organisation. 

This complexity is inherent in the nature of the data, i.e. in the way water quality monitoring 
is organised (figure 1). 
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Organisat ions: 0 

Programs: p 

Variable sets: V 

Sites: S 

Figure 1. Organisation of data in the WQMA Database 

Looking  at the data 

The information (or data) in the database on the selected organisation is read from the 
Viewer window (figure 2). This window opens automatically when the database starts. It has 
four scrollable lists covering organisations, programs, variable sets and sites down the left 
hand side, and four text boxes for displaying information about the selected organisations, 
programs, variable sets and sites down the right hand side. The Viewer window is only for 
looking at the data and does not allow data to be changed. 

Great Lakes Shire Council --Water and Sewerage 
{3riffith University -- International Centre for Ecotourism R 
Hampden. Shire Council -- Engineering Department 
Hardrnan Australia Ply Ltd 
Hastings Municipal Council -- Sewerage 
Heathcote Water Board 
Heytesbury Shire Council -- Engineering Departrnent 

GBRMPA'W'Q Monitoring 

;et 1 

Reef B iosearch, Agincourt 4, outer 
Reef Biosearch, Low Isles 1 
Reef Biosearch, Port Douglas 1 
Reef Biosearch, Undine Reef 

N alTle: 
Latitude: 
Precision: 

Reef Bi~earch, Agincourt 4, inner 
15.965 S Longitude: 145.808 E 
0 km 

I {3eneral H: 
Ofganisation: Great Barrier Reef Marine Park Authority 
Sub-otganis'n: Research and Monitoring Section 
0rg. type: Commonwealth {3 overnrnent 
0rganis'n Staff: 140 
Sub org'n Staff: 22 
Mon. cost 1993:$120,000 
Mon. cost 1994:$120,000 

f~@g r~ m~nl~ s O~G:/~%:~ il {3eneral H 
rq arne: {3BRMPA 'W'Q M onitoring 
~oordinator: Self ( 
~urnber of sites: 31 
!iSarnpling period: 1 month 
:~rogfam start: November 1992 /'~. I 

History: 
Long-term program to monitor WQ due to human impact and affect '~i 
on coral reefs 

Name: Set 1 
iApprox N-S extent: 154 krn 
[Approx E-'w' extent: 42 krn 

Figure 2. The main 'Viewer' window of the WQMA Database 

S e a r c h i n g  the  Da tabase  
Organisations, programs, variable sets and sites are listed by searching the database using 
your selected criteria, which can include more than one category per box. The Search 
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window (figure 3) is activated by clicking the binocular icon on the Viewer window. About 
twenty types of searches can be done by organisation name, contact name, state, variables, 
site location, etc. 

P r i n t i n g  
Any information from the database can be printed to paper. Single-clicking on the printer 
icon in the Viewer window, or choosing Print from the File menu, brings up the Print window 
and clicking OK, prints out the required information. 

Use o f  the  W Q M A  D a t a b a s e  in the  Grea t  B a r r i e r  Ree f  reg ion  
The database will be of value to all involved in water management issues in the Great Barrier 
Reef region. It offers a 'one-stop-shop' for locating and identifying water quality 
monitoring data in the region or in other regions of interest. The data can be partitioned into 
categories such as organisation, geographical location, water type and analytical variables. 
For researchers, agencies and community groups, this information can be important when 
reviewing monitoring activities, changing existing research or monitoring programs, or when 
considering development proposals which may impact oh water quality. 

[Algae] Chlorophyll-a 
[Algae] C h l o r o p h y t a  

:!]!: ACT 
[Algae] Other i:!i ! NSW 
[Bacteria] E. coli i NT ! I 
[Bacteria] Enterococci >i ~ ~i 
[Bacterial Faecal coliform~ i:i:t SA ~! 

Commonwealth Government ~ 'W'A 
State or Territory Govt r~ OS 

Univer,ities or Research Orgs ~: !,.~ W~ier Type.s: 
~'):[:::":: : '~ ~L"~ at~r~Oal 6.~O~.lir). e ~ . ~  ~ ".: ~, ):,;,- ~>:i:,..{:::)/.1: .... . . . .  ::;~' i ' . : . . ~ i  Agricultural Ru 

Australian standards [.KS seriez} M :1 Orinking'w'ate 
Discha'ge licence ~equi~ements I.-~l ~:~l Estuaries 
In-house criteria IL~i, I ~ . . . .  , n:.._.: 

Figure 3. The WQMA 'Search' 

~i~#elr~, I~O.OOO:i~o:.', ~s&ooo:~'l. Bio)~ I1:1 

M) 

Runoff 

",v'ate{ Reticulation S$ 
Drinking Water Supply Reserv 
Estuarie 
General Riverine Environment 

m.isptions, With,#P@grams,~, 'From: OTo:. ~-~.S.::~ 

)ble-setS<Wi{H{#;Sites " From:, . . . .  rJi'.To: fi39si "I 

i i i i i i i i i ~ : '  S.a;utov; c,r L~qisl.~tive ~ i 
~ <  Licence R equi~em~:mts' " I I  i 

~tion Syst(I I Academic or Research I I  I 
Reservoi,l ] T or.,' C.atchme:,, M ar,aqerT,er,~ H 

H .Operation Control II "l 

window, with criteria set up for the query: 'List all local 
government organisations in Queensland that monitor Cyanophyta in agricultural run- 
off or coastal waters, and that allow free access to data.' 
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The protean nature of 'wet tropical coast' flood plumes in the 
Great Barrier Reef lagoon - distribution and composition 

Jeremy Taylor I a n d  M i c h e l l e  D e v l i n  2 
i Department of Earth Sciences, James Cook University Qld 4811 
z Australian Institute of Marine Science, PMB No. 3, Townsville Qld 4810 

A B S T R A C T  

Episodic flood events are a common feature on the north Queensland coast of 
Australia. Following periods of intense rainfall on the neighbouring coastal 
catchments flood plumes can flow into the Great Barrier Reef lagoon. These 
plumes can introduce a significant amount of terrestrially derived sediment and 
nutrients to the Great Barrier Reef lagoon over a relatively short period of time. 
However, the distribution and composition of the flood plumes can be quite 
protean in nature. 

While the dominant factor in the development of a flood plume is rainfall, data 
collected from several events demonstrates that flood plumes can vary in 
distribution with similar quantities of rainfall. Physical factors such as wind speed 
and direction can influence plume distribution significantly. In 1994 a coalesced 
plume from several rivers reached the mid-shelf reefs, aided by light northerly 
winds; in contrast, in 1995 a similar rainfall event yielded a plume that was 
constrained to the coast in part due to strong south-easterly winds. 

Measurements collected during plume events include salinity, total suspended 
solids, chlorophyll a and nutrients (N, P and Si). Flood plume monitoring is 
reactive by nature and due to the variability associated with the distribution of a 
plume no fixed stations were established for monitoring plume events. However, 
data collected shows that the timing of sampling is critical to quantify the amounts 
delivered to the Great Barrier Reef lagoon. 

I N T R O D U C T I O N  

Perceived changes to the levels of nutrients and sediment discharged to the Great Barrier 
Reef lagoon from mainland run-off has undergone significant debate in recent years 
(Yellowlees 1991; Larcombe and Woolfe 1995). Attention has mainly been divided between 
estimating export fluxes and budgets from coastal catchments and lagoon waters (Hunter 
1993; Furnas et al. 1995; Mitchell and Furnas 1996) to the study of the effects of elevated 
nutrients and sediment on biota (Stafford-Smith and Ormond 1992; Steven and Larkum 
1993). Recent work has shown that a large proportion of nutrients delivered to the Great 
Barrier Reef lagoon from the 'wet tropical coast' region (Herbert River-Daintree River) is 
via rivers during flood events (Hunter 1993; Furnas et al. 1995; Bramley and Johnson, in 
press). 

Episodic flood events, often associated with tropical cyclones, are a common feature on the 
'wet tropical coast' of Queensland. Following periods of intense rainfall on the 
neighbouring coastal catchments, river run-off enters the Great Barrier Reef lagoon as flood 
plumes. The extent of these flood plumes has been noted previously (Rainford 1925; Orr 
1933) but studies of plumes are scarce (Wolanski and Jones 1981; Davies and Hughes 1983; 
Wolanski and van Senden 1983) with a paucity of data on the sediment and nutrient content 
of these plumes (Brodie and Mitchell 1992; Devlin et al. 1996; Taylor, in press). Available 
data suggests that the distribution and composition of the flood plumes can be quite protean 
in nature especially between 'wet' and 'dry' catchments (Brodie 1996). 

Flood events in 'wet tropical coast' catchments followed rain depressions associated with 
cyclones Sadie (1994), Violet (1995) and Ethel (1996). Flood plumes emanating from the 
rivers were mapped using aerial surveys to ascertain the extent of plume coverage (personal 
observation and J Brodie, pers. comm.). Because flood plume monitoring is reactive by 
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nature, no fixed stations were established for sample collection. Figure I shows the surface 
extent of the flood plumes for the three events with sample locations. Measurements 
collected during plume events include salinity, total suspended solids, chlorophyll a and 
dissolved and particulate nutrients (N, P and Si). Sampling methods are described in Devlin 
(in press) and Taylor (in press). 

The dominant factor in the development of a flood plume is rainfall as this induces river 
run-off which subsequently discharges its suspended load to the marine environment. Data 
collected from several events demonstrates that flood plumes can vary in distribution with 
similar quantities of rainfall (table !). Physical factors such as wind speed and direction can 
influence plume distribution significantly (table 2). In 1994, a rain depression associated 
with cyclone Sadie produced extensive rainfall in the coastal catchments, the individual river 
plumes coalesced and aided by light winds and small seas reached the main reef tract. In 
contrast, similar rainfall events in 1995 and 1996 yielded flood plumes that were 
constrained to the coast in part due to strong south-easterly winds and larger seas. 

Table  1. Catchment size and mean discharge with average rainfall for recent flood events 

River Catchment size Mean Annual Average Rainfall during Flood Event ~ 
(km 2) Discharge (mm) 

(ME x 103) 

Daintree 2125 10232 
Barron 2175 8842 
Russell- 1475 16172'5 
Mulgrave 
Johnstone 2495 26423 
Tully 1685 30395 
Herbert 10131 34404 

26 J a n - I  Feb 22 F e b - l M a r  4 M a r - 1 0  
1994 1995 1996 
355 417 1405 
455 370 414 
835 1140 774 

707 905 670 
754 706 890 
577 304 198 

Mar 

J Devlin et al. (1996); 2 QDPI Water Resources (1995); 3 Hunter, H.M. (1993);' Hausler, G. 
(1991); ~ Mitchell, A.W. and Furnas, M.J. (1996) 

Table  2. Characteristic wind speed and direction in the Great Barrier Reef lagoon during 
plume movement with associated cyclones 

Y e a r  Associated Wind Speed Wind Direction 
Cyclone (Knots) 

1994 SADIE 10 NW - NE 
1995 VIOLET 20 - 25 SE 
1996 ETHEL 20 SE 

The areal distribution of the flood plumes can be quite different depending on the 
prevailing conditions, but can be easily mapped from the air. However, the volume of the 
plume and composition can only be obtained by sampling. Reasonable estimate of the 
volume of the plume can be obtained using salinity. It is estimated that the plumes sampled 
are less than 3 m thick (unpublished data). 

The composition of the plumes can be quite variable between years and between catchments 
as shown in figure 2 for surface salinity and dissolved inorganic phosphorus. Individual 
catchments were not collected on the same day and by the same method and therefore some 
caution needs to be taken with interpretation. As would be expected, there is a general trend 
of increasing salinity with distance from river mouth for all years. Dissolved inorganic 
phosphorus shows the opposite trend of decreasing with distance from the river mouth_ 
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Figure 1. Extent of major flood plumes in the Great Barrier Reef lagoon for 1994, 1995 
and 1996 

Because plumes do not remain as discrete bodies, there is some overlap of plumes that 
makes tracing an individual plume difficult. 
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Figure 2. Surface salinity and dissolved inorganic phosphorus variability for different 
catchments and years 

This can be seen in the Herbert plume with samples 40-55 km from the mouth appearing 
anomalous in 1995; there is probably some overlap with the run-off from the Murray River 
and coastal streams. 

Data collected shows that the timing of sampling is critical to obtaining reliable estimates of 
material exported in the flood plumes (figure 3). Two sites were sampled at three depths, 
two days apart, with a highest values nearer the surface and a significant decrease in silicate 
concentration between sampling occasions. 
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Figure 3. Silicate variability with depth and time at two sites in the Barron River plume 
1994 (A in main plume; B near front of plume) 

Variability in plumes sampled is high on several space and time scales with little other data 
currently available. Further work is required on sampling flood plumes to ascertain the 
spatial and temporal distribution and composition of terrestrially derived material contained 
in the plumes. This is especially important considering rivers are the dominant input of 
terrestrial nutrients and sediment to the Great Barrier Reef lagoon and flood plumes the 
dominant transport mechanism to lagoon waters. 
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Detection of anthropogenic and natural mercury in sediments 
from the Great Barrier Reef lagoon 

G Stewart Walker I and Gregg J BrunskilF 
I CRC Reef Research Centre, James Cook University Qld 4811 
2 Australian Institute of  Marine Science, PMB No. 3, Townsville Qld 4810 

A B S T R A C T  

A research program is investigating the analysis of sediment and coral cores as a 
means of detecting changes in past and present land use. Cores of sediment of up 
to 4 metres in length have been analysed from sites expected to be influenced by 
flow from the Burdekin, Herbert and Tully Rivers in north Queensland. The recent 
development of a new sensitive analytical method has allowed the detection of 
mercury in sediment cores. Background levels of mercury, and spatial and 
temporal excursions from those levels have been detected. Cores from 
Hinchinbrook Island, Bowling Green Bay and Upstart Bay have been found to 
have different profiles of mercury concentration. 

I N T R O D U C T I O N  

Knowledge of mercury predates historical records (Goldwater 1972) and natural mercury- 
rich deposits have been utilised by many cultures. Much of the early history of mercury was 
land-based. However, the analysis of mercury in marine sediments came to prominence in 
the mid-1950s when the release and accumulation of methyl mercury compounds from 
factories in Minamata Bay, Japan caused neurological disorders and deaths (D'Itri 1972). 
As a consequence of this disaster and other similar pollution events in Japan (D'Itri 1972), 
Sweden (Friedberg and Vostal 1974) and Canada (D'Itra and D'Itra 1977), much work was 
undertaken to establish analytical methods for the reliable analysis of mercury 
concentrations in sediments, fish and human matter. The levels of mercury in these instances 
a n d  in other regions where heavy industrial pollution causes a large rise in contaminants are 
relatively high - c. 2000 ppm (parts per million) (Kaiser and Tolga 1980). Analysis of 
background levels of mercury which may be c. 60 ppb (parts per billion) (Sadiq 1992) 
requires much more sensitive analysis and careful attention to potential contamination of 
samples or solutions. 

The recent development of a new sensitive analytical method (Walker et al. 1996) has 
allowed the analysis of sediment cores for the detection of background levels of mercury, 
and spatial and temporal excursions from background levels. Cores of up to 4 metres in 
length have been taken at various sites near river deltas, from Hinchinbrook Island, Bowling 
Green Bay and Upstart Bay. 

. 

Seven potential sources of mercury in the sediments of the area of investigation have been 
suggested (Walker 1995): 

1. mining using the amalgamation of mercury and gold or silver - 1870-1890; 
2. agricultural use of organomercurial herbicides and fungicides - 1940-present; 
3. natural levels of mercury in soils and rocks from which sediment was formed; 
4. natural events such as thermal upwelling from ocean fault lines or discharge from 

volcanic eruptions; 

shipwrecks with mercury as a cargo giving rise to high-level localised input (Loney 
1984); 

6. sewage outfalls; 

7. a combination of lesser sources - coal and oil combustion (coal from a merciferous 
belt can have mercury in concentrations as high as 300 ppm), marine fungicide, 
domestic paints etc. 
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A N A L Y S I S  

Cores of sediment have been collected from a number of sites off the north Queensland 
coast. A Kasten corer was deployed from the AIMS vessel MV Harry Messel to yield cores 
of sediment of 1-4 m in length. Cores were logged and cut into sections of 2 cm vertical 
depth from 0 to 20 cm, and into sections of 4 cm depth from 20 cm to the end of the core. 
Subsamples were taken for other analysis including 210pb for dating. In subsequent trips 
samples were taken specifically for mercury analysis in acid-washed glass containers which 
were frozen within an hour of being sampled. 

The analytical method used was a acid digestion followed by a combination of Inductively 
Coupled Plasma Atomic Emission Spectroscopy and Inductively Coupled Plasma Mass 
Spectrometry (Walker et al. 1996). Accurate amounts of wet defrosted sample are weighed 
into 30 cm3 pyrex reactor tubes. Five ml of 70% HNO3 and 1.8 ml of 35% HCI were added. 
Tubes were heated to 100~ and maintained for one hour. 

Five ml of 5% K2Cr207 solution was added to stabilise the solution and prevent volatilisation 
of metallic mercury. Analysis was carried out by reacting each solution in a Cold Vapour 
Generator (Varian CGA 76) with equal volumes of a solution of 45% NaOH and a reducing 
solution of Stannous Chloride (31g SnCI2 in 35% HCI and water) according to a published 
method (Haraldsonn et al. 1989). Analysis of mercury vapour was achieved by either an 
Inductively Coupled Plasma Atomic Emission Spectrometer (Varian Liberty 220) or an 
Inductively Coupled Plasma Mass Spectrometer (Varian Liberty). 

Absolute detection limits for standard solutions of mercury chloride or mercury nitrate were 
found to be 2 ppb for the ICP-AES and 25 ppt for the ICP-MS. 

Other analysis undertaken include, water content, carbon (total), carbon (carbonate), 
nitrogen, sulphur, 21oPb and other main or trace elements. 

R E S U L T S  

Each core has been found to have a different profile of mercury concentration. 

Missionary Bay, Hinchinbrook Island (Core 638) has a uniformly low level of less than 
10 ppb (equivalent to 50 pmoles (10-12) of mercury per gram of sediment (dry weight)) 
between 3.4 m and 0.44 m. From 0.44 m to the surface an elevated mercury concentration 
up to 40 ppb (200 pmolesg-I) was found. 

A core from Upstart Bay (1250) has background levels around 15 ppb (70 pmoles/gram) 
from 0.8-2.92 m depth, but higher concentrations of mercury were found within the top 
0.8 m with maximum levels of 100 ppb (500 pmoles/gram) occurring around 0.5 m. 

In contrast, a core from Bowling Green Bay has background levels of 12 ppb (60 
pmoles/gram) from 3.08-3.82 m. A sharp rise from 12 ppb (60 pmoles/gram) to 500 ppb 
(2500 pmoles/gram) occurs over only 0.4 m. An exponential-type reduction in mercury 
concentrations is observed in the sediment from 2.52 m to the surface. This is seen as 
characteristic of a single addition event with limited back-mixing and exponential forward 
reworking. Modelling studies are underway to mimic the conditions that would have given 
rise to this signal. 

D I S C U S S I O N  

Results presented in this paper represent the initial output from a new project. At present it 
can be concluded from the present data that: 
�9 mercury occurs in sediments in the regions investigated; 
�9 the background levels of mercury - as low as 2 ppb - can be detected; 
�9 in one location a sharp deviation from background to a level 25 times background 

occurred over a short depth at around 3 m depth; 
�9 the sharp gradient of increase in mercury indicates an input of substantial amounts of 

mercury over a short period; 
�9 the slope of the increase suggests limited backmixing occurred; 
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�9 the exponential 'decay' of the mercury signal indicates a succession of remixing of 
layers of sediment; 

�9 in other locations, within a radius of 50 km, mercury has only been found at higher 
concentrations in the most recent sediments, indicating an anthropogenic effect. 

We suggest the large input of mercury found in core 1260 from Bowling Green Bay is a 
consequence of transport of mercury used in the amalgamation process of gold mining in 
the Charters Towers/Ravenswood area between 1870 and 1890. Support for this hypothesis 
comes from 210Pb dating which suggests a date of earlier than 1900 for this region of the 
core, and weather reports that indicate an abnormally high rainflow in the corresponding 
period (Isdale 1996). 

The increase in mercury concentrations observed in recent sediments in Upstart Bay and 
Missionary Bay are an anthropogenic effect. It is possible that the high concentrations of 
mercury might correlate with the increase in population of the area or increasing amounts 
of organomercurial fungicide used as a result of the expansion of sugar plantations. The 
fungicide used by the sugar industry (methoxyethylmercuric chloride, Shirtan TM or 
Aretan TM, CH3-O-CH2-CH2-Hg-CI) was banned in Canada and USA in 1971 (Handbook of 
Pesticides 1975). 

Levels of mercury from a low-level diffuse source such as agriculture would be expected to 
produce lower levels of mercury. A study in 1978 was done to ascertain if mercury was 
contaminating the water supply but failed to detect a significant amount of mercury in 
groundwater from the Burdekin region (Brodie 1978). However, rough calculations (Walker 
unpublished) suggest that from 1960s through to the present as much as 500 kg equivalent 
of metallic mercury has been added to sugar fields around the Burdekin river each year on 
cane setts dipped before planting. The potential for accumulation of mercury is obvious. 

C O N C L U S I O N S  

Mercury exists in sediment from the study area. Levels of mercury are generally low and 
typical of an unpolluted site except for a large and sharp mercury spike in core 1260 from 
Bowling Green Bay and a gradual rise in mercury in the most recent sediment of core 1250 
from Upstart Bay and core 638 from Missionary Bay. 

Further studies should addi'ess the distribution of mercury in this region. More information 
from analyses of other elements will aid the interpretation of the mercury results. Speciation 
to identify what form (or forms) the mercury exists in will be a priority. 
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Pressures and effects on the 
Great Barrier Reef lagoon 



Macroalgal distributions on the Great Barrier Reef: a review 
of patterns and causes 
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A B S T R A C T  

Despite the long recognised importance of algae on both healthy and degraded 
coral reefs, there has been a lack of information about algal distributions on the 
Great Barrier Reef. This paper reviews research on the patterns and causes of 
macroalgal distributions on the Great Barrier Reef, including both published 
studies and current research. There is little previous work on distribution patterns, 
but a recent series of surveys provides a background description of distribution 
patterns. Hard data on the causes of Great Barrier Reef algal distributions are only 
just emerging. Recent work includes manipulative experiments with Sargassum, 
and ecological and physiological tests of nutrient effects on a range of algae. 
Despite this emerging body of data, we argue that there is still a critical lack of 
information on the roles and significance of Great Barrier Reef algae, especially in 
the context of reef degradation. In particular, despite claims to the contrary, we 
argue that there is a lack of data on the history and causes of abundant algae o n  
inshore fringing reefs of the Great Barrier Reef. Both the emerging picture of algal 
distributions and the uncertainty remaining have important implications for reef 
managers and stakeholders. 

I N T R O D U C T I O N  

Benthic algae are crucial elements of both healthy and degraded coral reef communities. 
They are major contributors to reef growth and development and to primary production 
and nitrogen fixation (reviews by Hatcher 1988, 1990; Cribb 1990). Reef degradation due 
to eutrophication or reduced herbivory commonly involves replacement of hard corals by 
macroalgae (seaweeds: Smith et al. 1981; Maragos et al. 1985; Kinsey 1988; LaPointe 
1989; LaPointe and O'Connell 1989; Carpenter 1990; Hughes 1994). 

Despite their importance to reef status and ecology, there is a critical lack of information on 
algal distributions and ecology on the Great Barrier Reef. Survey of the published literature 
shows that algae have received far less research effort on the Great Barrier Reef than fish or 
corals (McCook and Price, in press). We review here the available information on the 
patterns and causes of benthic algal distributions on the Great Barrier Reef, including work 
currently underway. We then assess the available evidence for temporal shifts in macroalgal 
abundance, especially on inshore fringing reefs. We argue that the baseline information 
needed to recognise an unnatural bloom of benthic algae on the Great Barrier Reef is only 
just emerging. The ability to predict, interpret and manage changes in reef biota will depend 
on increased understanding of patterns and causes of algal distributions. 

Distribution patterns 

The macroalgal flora of the Great Barrier Reef region is low in endemism, but high in 
diversity, reflecting the exceptional latitudinal extent of the Great Barrier Reef, the diversity 
of reef and substrate types and water conditions, and the consequent habitat diversity. We 
have estimated that there are 400-500 species of macroalgae on the Great Barrier Reef, 
although an accurate estimate will require much more survey and taxonomic work. There 
are few published accounts of algal distributions with any degree of taxonomic resolution 
and these are largely restricted to intertidal or shallow subtidal zones of a few, isolated 
islands (often research stations; review by McCook and Price, in press, table 1). This 
contrasts with the situation in the Caribbean, where taxonomic and composition data have 
been available for many years. 
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In order to redress the lack of adequate baseline information on algal distributions, we have 
surveyed 583 sites on 77 reefs in the Cairns and Central Sections, estimating abundance for 
around 125 taxa of macroalgae, as well as community and environmental parameters. The 
most detailed data are for 12 Central Section reefs, including data for 3 times of year, for 
two cross-shelf series of reefs, surveying 3 zones (slope, crest and flat) for each of three sites 
on the south-eastern side of each reef. These data will provide descriptions of large-scale 
variation, both across the shelf and between series (north-south), and variation between and 
within reefs, between zones, and critically, between seasons. 

Only a brief overview of the results can be presented here. Most importantly perhaps, the 
surveys showed that turf algae, blue-green algae (Cyanophyta), nongeniculate crustose 
coralline algae and Halimeda were widespread and abundant (McCook et al., in press). 
Cross-shelf differences are dramatic quantitatively but not simple or easy to define in terms 
of individual species. The brown algae (Phaeophyta) are more diverse and abundant 
(especially Sargassum) inshore whereas the flora of offshore reefs is dominated by green 
algae (Chlorophyta, especially Caulerpa, Chlorodesmis and Halimeda) and red algae 
(Rhodophyta, especially crustose corallines). However, red algae are also common inshore 
and some brown algae also occur offshore. The cross-shelf patterns are also confounded by 
within-reef zonation, latitudinal and other large-scale variations and occasional distributional 
outliers (such as individuals of Sargassum or Padina on outer-shelf reef fronts). On 
offshore reefs, contrary to the widespread perception, fleshy seaweeds, especially red algae, 
are commonly dominant on reef flats, and surprisingly common and diverse on reef fronts. 
Moreover, inshore reefs with abundant Sargassum and turbid water may also have high 
cover of healthy hermatypic corals, again in contrast to widespread perception. 

There are strong seasonal changes in composition and abundance of algal vegetation, in 
contrast to dominant benthic fauna such as corals. Not only is Sargassum highly seasonal in 
abundance on inshore reefs, but on mid- and outer-shelf reef flats, the abundance of blue- 
green algae, red algae such as Spyridia filamentosa, Laurencia spp., Galaxaura spp. and 
Liagora spp., and green algae such as Boodlea spp., also varied greatly with season. 

By distinguishing between macroalgal abundances and taxa expected in different reef areas 
at different seasons, multivariate analyses of these data should allow classification of reefs 
based on algal composition. The only other large-scale data on reef algal distributions and 
abundance comes from long-term monitoring studies (LTM) (e.g. Oliver et al. 1995), but 
these data have little taxonomic resolution (McCook and Price, in press). There is potential 
to use our survey descriptions to significantly enhance the power of the LTM surveys to 
detect and interpret changes in algal abundances. For example, if low resolution LTM 
surveys indicated increased algal abundance on an offshore reef, a simple sampling 
procedure could allow comparison with expected compositions for different reef types, 
based on our surveys. 

Large-scale descriptions of inter-reefal flora are also emerging from recent surveys of 
vegetation in deep water, soft-bottom areas of the northern Great Barrier Reef, using towed 
video cameras (R. Coles and W. Lee Long, QDPI Cairns, pers. comm.). Although these 
surveys show that rhizoid-anchored macroalgae are very abundant in these areas, the surveys 
focus on seagrasses and currently lack the resources to quantify macroalgae with any degree 
of taxonomic resolution (Coles and Lee Long, pers. comm.). 

The surveys described above can only provide preliminary descriptions of algal 
distributions on the Great Barrier Reef, given limitations on spatial and seasonal coverage, 
and especially given limitations on field identification of algae. We have summarised the 
resources available for identifying Great Barrier Reef algae (McCook and Price, in press, 
table 2), and noted a critical lack of both expert taxonomic floras and field identification 
guides_The lack o f  field identification guides has been amel ioratedwiththe recent 
publication of a naturalists guide to seaweeds of Queensland (Cribb 1996). However, this 
work is not comprehensive, and does not allow unequivocal identifications. Although 
Phillips and Price (in review) have recently completed a critical compilation of the brown 
algal species recorded for Queensland, there remain no comprehensive taxonomic 
treatments for the brown, green and blue green algae, for non-turfing species or for the 
central and northern regions of the Great Barrier Reef. 
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Causes of macroalgal distributions 

There is also little published information on the processes which determine the patterns of 
algal distribution on the Great Barrier Reef, at any scales, although there are a number of 
relevant studies currently underway. Factors which influence the distribution of marine 
species, especially of algae, include resource availability (e.g. nutrients, light, substrate); 
stress gradients and disturbance regimes (e.g. wave exposure, temperature, emergence, 
cyclones, freshwater); recruitment and dispersal; and species interactions, including 
competition and herbivory (e.g. Underwood and Denley 1984; Chapman 1986). Table I 
summarises publications and studies underway which address the roles of these different 
factors. Attention has focused on possible effects of water quality (primarily sediments and 
the nutrients nitrogen and phosphorus) and herbivory, since work in other reef areas has 
demonstrated that increases in sediment or nutrient inputs or reductions in herbivory can 
lead to shifts from coral to algal dominance (references in Introduction). 

On the Great Barrier Reef, recruitment, productivity and abundance of algal turfs (as 
'epilithic algal community') have been shown to depend strongly on herbivory (Hatcher 
and Larkum 1983; Sammarco 1983; Wilkinson and Sammarco 1983; Scott and Russ 1987; 
Klumpp and McKinnon 1989, 1992) and to some degree on nutrients (Hatcher and Larkum 
1983; Russ, unpubl, data). Of these studies, only Russ's work addresses the causes of large- 
scale distributions, suggesting roles for both herbivory (Scott and Russ 1987) and water 
quality (unpubl. data) in the cross-shelf differences in turf algal vegetation. Other work has 
focused on chemical mediation of competition (de Nys et al. 1991) and herbivory 
(Steinberg et al. 1991). 

More recently, several studies have indicated that herbivory has a stronger direct impact on 
the distribution of larger macroalgae than does water quality. Transplant experiments 
demonstrate that fish herbivory significantly reduces the survival of Sargassum both on 
offshore reefs and on inshore reef slopes, whereas differences in water quality had no direct 
effect on survival or on tissue nutrient levels. It appears that the absence of Sargassum on 
most mid-shelf reefs and on many inshore reef slopes is due to an interaction between 
herbivory and low dispersal, and not due to any nutrient limitations (McCook 1996, in 
press). Several other experiments have addressed the direct impacts of sediments or nutrients 
on Sargassum. Manipulation of sediments on a fringing reef showed that Sargassum was 
directly inhibited by sediment deposition, despite being generally more abundant on reefs 
with greater sediment loads (Umar et al., unpubl, data). Preliminary experiments in large 
aquaria suggested that Sargassum growth and recruitment were directly inhibited by long- 
term, high level nutrient enhancement, perhaps due to overgrowth by epiphytes (McCook et 
al., in press). However, more detailed experiments show Sargassum growth in isolation to be 
stimulated by moderate nutrient enhancement but inhibited at higher levels. Importantly, 
Sargassum shows rapid uptake and growth in response to pulsed delivery of nutrients. This 
could allow the alga to grow in areas which experience only brief periods of high nutrient 
supply, such as resuspension during storms (Schaffelke and Klumpp, in press; similarly 
Russ, unpubl, data, for turfs). 

Nutrient effects on reef biota have also been recently examined in the collaborative 
ENCORE experiment, which used a factorial combination of nitrogen and phosphorus 
supplements in small microatoils at One Tree Island. Neither algal turfs nor coralline algal 
rhodoliths showed strong direct effects of enhanced nutrient input (Larkum et al., in press; 
Larkum and Koop, in press). Dennison et al. (unpubl. data) used the ENCORE experiment 
to compare (15N) ammonium uptake among various macroalgal and coral species. 
Interestingly, uptake rates were highest in the red alga Laurencia intricata, which has very 
wide cross-shelf distribution patterns (e.g. McCook and Price, unpubl, data). 

It is important to note that the available data form a very incomplete picture, and by no 
means preclude effects of nutrients or sediments on algal distributions. Direct nutrient 
effects are likely to be complex and species-specific and to depend on period and intensity 
of enhancement, epiphyte growth etc. Water quality is also likely to have major indirect 
effects on algal distributions, perhaps by affecting herbivorous fish abundances or substrate 
availability through coral mortality. Further, interactions between different factors are likely. 
By trapping sediments, algae may render a site less suitable for coral recruitment. Finally, 
several studies have shown that chronically stressed reefs may show little degradation due to 
eutrophication or herbivore depletion until damaged by natural disturbances, such as storms 
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or freshwater floods (e.g. Hughes 1994; Kinsey 1988). The critical impact of the chronic 
stress may be in preventing recovery from natural disturbance, allowing algae to persist and 
inhibiting coral recovery. Thus natural disturbance which normally leads to a successional 
sequence from algae to coral may be blocked, resulting in a long-term phase shift and 
degradation. 

Table  1. Summary of ecological research, published or underway, relevant to the causes of 
macroalgal distributions on the Great Barrier Reef. Descriptions of work currently 
under way is based on information requested from the various authors ('in prep.' 
November 1996; black dots indicate study directly addresses the factor; asterisks 
indicate study has related information). Data on distribution patterns or taxonomy are 
not included, but are tabulated in McCook and Price (in press). 

Author Scale and/or 
Area 

Scott and Russ Cross-shelf 
1987 
McCook et al., Cross-shelf- 
in press, >between zones, 
unpubl, seasons 
McCook and Among fringing 
Price, in prep. reefs; 50 km 

Russ, in prep. Cross-shelf 

Coles and Lee 
Long, in prep. 

Elmetri and Bell 
in prog. 

Hatcher and 
Larkum 1983 

S a r f l m a r c o  

1983, 
Wilkinson and 
Sammarco 1983 
Klumpp and 
McKinnon 
1989, 1992 etc. 

Larkum and 
Koop, in press 

Purcell, in prep. 

Fugelli and 
Johnson in 
prog, 

Steinberg et al. 
1991 

Large scale: 
100s km, deep 
water inter-reefal 
Cross-shelf; 
Laboratory 

Offshore reef 
p.atolls 

Damseifish 
territories 

Within mid- 
shelf zones, 
damselfish 
territories 
Offshore reef 
~atolls 

Within mid- 
shelf reef 
Offshore reefs 

Cross-shelf 

Approach or Taxa 
Technique 

Settlement plates Algae esp. 
and cages turfs 
Surveys; Algae 
correlations; 
chemistr), 
Settlement plates Algae 

Settlement plates, Algae esp. 
cages, cyclone turfs 

Towed video Soft-bottom 
surveys taxa 

(Chlorophyta) 
Correlations with Macroalgae 
growth rates, 
phosphatase 
Cages and nutrient 
enhancements 

Tufts 

Settlement plates, Turfs, 
cages, nitrogen Cyanophyta 
fixation 
measurements 
Trophodynamics Turfs etc 

Nutrient Tufts 
manipulation: 
ENCORE 

Correlations Tufts 

Nutrient Tufts 
!manipulation, 
surveys, 
physiological 
ecology 
Transplants; 
Chemistry 

Sargassum; 
other browns 

�9 q: ~ �9 

lUl 
I|i 
I H ~ H H  
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Author Scale and/or Approach or 
Area , Technique 

McCook 1996 Cross-shelf; 50 Cages; transplants 
km 

Taxa 

Sargassum 

McCook et al., Aquaria Nutrient 
in press , manipulations 

Sargassum; 
Padina 
Sargassum 

Sargassum 

Sargassum 

Sargassum / 
other benthos 

Halimeda 

Halimeda 

Plocamnium 
(Rhodophyta) 

Gracilaria 
(Rhodophyta) 

Laurencia 
(Rhodophyta) 

Schaffelke and Culture, aquaria, Nutrient 
Klumpp, in fringing reef manipulations; 
press, in prep. ~ fiats physiological 

, ecology 
:McCook, in Within fringing Cages; transplants 
!press reefs; 50 m 

Umar et al., in Fringing reef Sediment 
prep. fiats , manipulations 
McCook in Among and Canopy removal 
prog. within fringing 

reefs 
Drew 1 9 8 3  Cross-shelf ' Physiological 

, ecology 
Wolanski et al. Offshore reefs, Oceanography, 
1988 medium scale correlation 

de Nys et al. Fringing reefs, '! Chemistry, 
1991 small scale ] transplants 

Costanzo and Inshore, Physiological 
Dennison, in Whitsundays, ecology 
prep. Moreton Bay 
Dennison, Drew Offshore, ' Nutrient 
and Stewart, in manipulations 
prep. 
Chisholm 1988 Within mid- ' Physiology 

shelf reef 
Crust. 
corallines 
(non 
~eniculate) 

Larkum et al., Offshore reef Nutrient Crust. 
in press laatolls manipulation: corallines 

ENCORE (non 
/~eniculate) 

Ringeltaube and Within Heron ' Surveys, settlement Crust. 
Johnson, in Reef i plates, grazer and corallines 
prep. algal removals, (non 

�9 transplants, shading geniculate) 

�9 :'l: 

Long-term changes in abundance of macroalgae on inshore reefs: what is the evidence? 

The abundance and composition of macroalgal vegetation on inshore reefs has been 
suggested as a symptom of widespread decline of those reefs (e.g. Endean 1976; Bell and 
Elmetri 1995), apparently in response to large increases in anthropogenic inputs of 
sediments and nutrients (Moss et al. 1992; Pulseford 1991; Brodie 1995). However, given 
the proximity of these reefs to natural terrestrial inputs, it is likely that they always had 
different flora from the offshore reefs. We here review the evidence for and against recent 
increases or shifts in status of inshore reefs, with emphasis on the macroalgae. Evidence 
either for or against widespread shifts in reef biota is very limited and equivocal. As there is 
even less data specifically for macroalgae, we conclude that there is no clear indication 
whether the abundance of algae on fringing reefs is natural or anthropogenic. 
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The Great Barrier Reef Expedition of 1928-29 collected quantitative transect data, 
photographs and descriptions of reef flats at Low Islets, including the only detailed survey 
of algal composition prior to 1960 (Stephenson et al. 1931; McCook and Price, in press). 
Resurvey of these sites led Bell and colleagues to suggest a long-term decline in coral cover, 
with a concomitant increase in macroalgae and other non-reef builders (e.g. Bell and 
Elmetri 1995). However, these data refer to only a limited area on a single reef flat, and 
provide no indication of intervening dynamics. Photographs of other reef flat areas at Low 
Islets indicate that at least part of these reefs are in good condition (Wachenfeld, in press). 
Even where changes in coral cover have occurred, assessment of algal changes awaits 
detailed resurvey of algal composition (currently under way by J. Phillips, Univ. Qld, pers. 
comm.).  

Historical descriptions and photographs of Green Island, Dunk Island, Magnetic Island, and 
reefs in the Whitsunday region, as well as Low Islets, led to suggestions of widespread 
declines in inshore reefs over the last 50 to 100 years (Endean 1976; Bell and Elmetri 
1995). However, photographic comparisons by Wachenfeld (in press) of 14 reefs, including 
Green Island, Magnetic Island, and the Whitsunday Islands suggest that such declines are not 
prevalent. These photographic comparisons are problematic, as they do not necessarily 
represent general dynamics (Wachenfeld, in press). Although more reliable quantitative data 
are available for the last two decades, their significance is also equivocal. At Brampton 
Island, comparison of data from 1986 (Van Woesik 1992) and 1995 (Bums et al. 1995), 
along with anecdotal reports from resort staff, suggest a decline in coral cover and increased 
abundance of algae such as Sargassum. Similarly, environmental assessments at Magnetic 
Island from 1989-1995 suggest an increase in macroalgae, although these results are 
confounded by differences in sites, seasons and survey techniques (Sinclair Knight Merz 
1995). On Pandora Reef, near Townsville, Done (in press) found that although macroalgae 
dominated in 1980, corals have actually displaced Sargassum over the following 15 years. 
Ayling (in press) presented quantitative data for changes in cover for 7 fringing reefs from 
Cape Flattery to the Keppel Islands for 4 to 10 years. Although reef flats were typically 
dominated by macroalgae, with low coral cover, he recorded high (> 50%) coral cover on 
reef slopes, with no evidence of decreases, even at Magnetic Island between 1989 and 1993 
(cf. Sinclair Knight Merz 1995). 

Detection and interpretation of widespread and long-term changes in algal composition are 
limited not only by the paucity of quantitative data, but also by several confounding factors. 
Comparisons of single before and after points on a time series give no indication of 
intervening dynamics, and may give false impressions of long-term change or lack of 
changes (e.g. Underwood 1991). Shifts from coral to algal abundance may be a natural 
phase of reef dynamics, in which damage to corals results in temporary dominance by 
macroalgae, followed by recovery of corals. If reef degradation involves failure to recover 
after disturbances, then widespread decline in response to anthropogenic factors may be 
expressed piecemeal, and so be difficult to detect and interpret. Further, it cannot be 
assumed that evidence of decreases in coral cover necessarily means increased macroalgal 
cover. Cover of corals and Sargassum are not simply negatively correlated on fringing reef 
flats (McCook, unpubl, data). 

Finally, evidence that reef biota are currently stable in the short-term does not preclude past 
(or future) shifts. Terrestrial inputs have probably increased throughout the last hundred 
years (Pulseford 1991), and there is very little information on the rates of terrestrial input 
likely to cause changes at different reef sites. Thus, shifts could conceivably have occurred 
and stabilized long before most of the data reviewed above were collected. We conclude that, 
in the absence of high quality historical ('pre-impact') surveys of sufficient coverage, 
definitive description of 'natural' inshore algal flora is not possible. 

Implications for reef science, management  and development 

Even this brief review of the available information on Great Barrier Reef algal distributions 
has a number of significant implications for reef scientists, managers and tourist operators. 
Given the importance of macroalgae on both healthy and degraded reefs, it is imperative 
that we improve our ability to distinguish between the two states. 

The description of algal species distributions and abundances emerging from our surveys 
(McCook et al., in press) should allow the identification of an multivariate, inshore species 
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'suite'. Whether the composition of inshore algal vegetation is anthropogenic or natural, the 
appearance of similar vegetation on offshore reefs would most likely represent degradation. 
The surveys show that individual species distributions are not simple or clearcut, suggesting 
that individual species would be poor indicators of reef status. In contrast, an 'inshore 
species suite' or region of multivariate space, based on quantitative abundance of a wide 
range of taxa at a range of seasons, should provide a much more robust measure of reef 
status. Although such surveys require some expertise in field identification of algae, they are 
relatively fast and technically simple, and so should be feasible and cost-effective as 
management tools. Since algal vegetation may change more rapidly than corals, algal 
surveys may allow more rapid detection of changes in benthos. 

Although knowledge of the detailed causes of algal distributions remain far from complete, 
the emerging results have several significant implications. The importance of herbivory is 
consistent with results from other reef regions and highlights the importance of protecting 
herbivorous fish populations on all reefs (e.g. Hughes 1994; McCook 1996). The 
management implications are less clearcut for the lack of nutrient effects in the field, 
especially given the strong effects in physiological studies. The ability of Sargassum to 
obtain sufficient nutrients on offshore reefs indicates that nutrient levels on offshore reefs 
are already sufficiently elevated, naturally or anthropogenically, for Sargassum growth. If 
natural, this might imply that nutrient effects on algal distributions are not a management 
concern. If offshore nutrient levels are anthropogenic, macroalgal invasion of offshore reefs 
may be an imminent possibility, perhaps in response to disturbances or declines in coral or 
herbivore populations. 

Similarly, although the emerging picture suggests that large fleshy algae such as Sargassum 
may rarely invade reefs without prior disturbance to corals, we still have little information on 
the impact and community dynamics of macroalgal beds once established. Even where 
macroalgal abundance is not the direct cause, but the consequence of coral decline, we need 
more information on the factors which may lead to stable maintenance of algal dominance, 
or to the successional re-establishment of abundant corals. 

Probably most critical to reef management is the still considerable lack of knowledge about 
Great Barrier Reef algal distributions. Whilst work is underway in a number of significant 
areas, there are still many issues which are not being addressed. This lack of information is 
compounded by the complexity of spatial and temporal patterns and scales, taxonomic 
diversity and uncertainty, and the likelihood of indirect effects and of interactions between 
natural and anthropogenic factors. It is likely that simple, definitive answers are not feasible 
for some issues (e.g. identifying natural algal flora for inshore reefs). Definitive 
interpretation of patterns of algal distribution as natural or anthropogenic is thus difficult 
and unwise, and easily discredited. Rather, an approach which attempts to assess the risks 
and consequences, of different interpretations and management responses, should provide a 
better direction for science, management and publicity. Given the increasing reports of 
abundant macroalgae on degraded reefs world-wide, the lack of strong evidence for 
degradation does not justify assuming that reefs are pristine. 
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S E S S I O N  3 

Pressures on reefs, islands 
and cays 



Reef-top hydrodynamics at Heron Island 

MR Gourlay and Jennifer LF Hacker 
Department of Civil Engineering, The University of Queensland Qld 4072 

A B S T R A C T  

Reef-top hydrodynamics at Heron Island are dependent on tide, wind and wave 
conditions. During tropical cyclone Rewa, in January 1994, some concrete blocks, 
weighing 1.2 tonnes, were moved up to 12 m towards the boat harbour by current 
and wave action on the reef-top. Reef-top sediments were also deposited in the boat 
harbour during this event. 

Instruments were installed in March 1996 to measure wave and current conditions 
causing sediment loss from the island and reef-flat into the boat harbour and 
thence off the reef. Two wave-rider buoys have been deployed, one to the north of 
Heron Reef and one to the south, at the entrance to Wistari Channel. Two automatic 
current recorders and two wave staffs have been installed on the reef-flat. The 
Bureau of Meteorology operates an automatic weather station at Heron Island. 

Increased wind and wave conditions result in wind- and wave-setup on the reef-top, 
particularly during low tides. This setup, or increase in water level, can completely 
change the pattern of reef-top currents around Heron Island. During relatively 
calm conditions the reef-top currents oscillate with tidal conditions, but when there 
are conditions of strong winds and/or large offreef waves, these tidal reversals may 
be completely suppressed, resulting in strong currents directed towards the boat 
harbour for the full tidal cycle. 

I N T R O D U C T I O N  

Heron Island, in the Capricorn group of reefs, is located approximately 80 km east-north- 
east of Gladstone at the western end of a large lagoonal platform reef (figure 1). A well- 
patronised tourist resort and university research station are located on the island. In order to 
facilitate access, a boat harbour has been constructed at the western end of the reef. A gap 
through the reef-rim was blasted in 1947 and the boat harbour was first dredged in 1967, 
followed by further enlargement in 1987 (Gourlay and Jell 1993). 
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Figure 1. Location of Heron Island and boat harbour 

Reef-top hydrodynamics are dependent on tide, wind and wave conditions. During 
conditions when there is little wind and offreef waves are small, currents on the reef-top are 

49 



entirely controlled by the rise and fall of the tide. The maximum tidal range at Heron Island 
is 3.3 m. On the other hand, wind and/or wave setup are generated on the reef-top at times 
when it is windy and/or there are large offreef waves (Gourlay 1993). The presence of the 
boat harbour has a marked effect on reef-top current directions at Heron Island. 

The reef-rim at Heron Reef is slightly higher than the rest of  the reef-top, as is the case with 
most reefs. Therefore, the construction of a boat harbour through the reef-rim caused water 
to drain off the reef-top through the harbour entrance channel at low tide resulting in a 
changed pattern of reef-top currents at the western end of the reef and flow into the harbour 
for the greater part of the tidal cycle. This flow has resulted in the deposition of sediments 
in the harbour and entrance channel. Sediments which are deposited in the boat harbour 
cannot be moved back up onto the reef-top and the presence of the boat harbour leads to 
the progressive depletion of sand from the island and the reef-top. Low bund walls formed 
from concrete blocks were constructed on either side of the boat harbour in 1993-1994 to 
restore reef-top water levels to their former levels. 

Sediments have been deposited in the boat harbour during the strong wind and wave action 
accompanying tropical cyclones. For example, in January 1994, during tropical cyclone 
Rewa, approximately 250 m3 of sediment was deposited in the north-eastern corner of the 
harbour. Additionally, approximately 30 concrete blocks, each measuring 1.2 x 0.6 x 0.6 m 
and weighing 1.1-1.2 tonnes were moved across the reef-top towards the harbour. Some 
blocks were moved as much as 12 m (Gourlay 1995). 

METHODS AND MEASUREMENTS 

The following instruments were installed in March 1996 to measure wave and current 
conditions (figure 2). 

�9 Wave r ider  buoys.  Two wave rider buoys have been deployed close to Heron Reef. 
One is located to the north of the reef and the other at the south-eastern entrance to Wistari 
Channel. The wave rider buoys measure wave height and wave period for 25 minutes every 
hour and transmit the data to an onshore computer. 

I 
Wave rider 

buoy -..-_ 

f 

d - ~  Current 
\ meter .  Heron Island \ automatic weather 

" " ~ E ~  station 

Boat " " 
Harbour ~ u r r e n t  meter 

Figure  2. Heron Reef, location of northern wave rider buoy and current meters 

�9 Cu r r en t  meters.  Two $4 current meters have been installed on the reef-top, in the 
vicinity ~ f t h e  boat harbour (figure 2)~ They measure current speed and direction and water 
depth every 10 minutes. Occasionally, at low tide, the water level falls below their sensors. 
Data is stored within the instrument and requires downloading every six weeks. 

�9 Wave staffs. Two wave staffs have also been installed on the reef-top to measure wave 
heights on the reef-top, but there have been problems and only a small amount of data has 
been collected. 
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There is an automatic weather station on Heron Island operated by the Bureau of 
Meteorology. Hourly data including wind speed and direction have been made available. 

R E S U L T S  

Time series of data have been acquired on a continuous basis from the wave rider buoys and 
the current meters since their deployment in March 1996. The resultant data set is large and 
preliminary results only are presented. Two cases are considered: 

Case 1. In the first case, on 29 June 1996, the weather was fine, winds were light, varying 
between 1 and 4.5 m/s, south-easterly until noon, then veering north-easterly to 
northwesterly later in the day. The offreef wave heights were small, less than 0.3 m. 

The resultant pattern of currents measured at the northern current meter demonstrates a 
series of current reversals which are dependent on the state of the tide (figure 3). For 
simplicity the tidal cycle has been divided into four intervals, labelled A, B, C and D which 
correspond to the diagrams beneath. 

During interval A, the tide is coming in through the boat harbour, the tide level is rising (top 
graph) and the currents are flowing away from the boat harbour, that is north-eastwards for 
the northern meter and south-eastwards for the southern meter (lowest graph and diagram 
A). This continues until approximately half-tide level is reached (1.5 m) when the current at 
the northern current meter reverses to flow southwestwards towards the boat harbour as the 
incoming tide comes in over the whole reef-rim (Interval B). When the tide turns, the current 
again reverses at the northern meter and again flows in a north-eastwards direction out over 
the reef-rim (Interval C). Then, when half-tide is reached again, the currents at both 
locations reverse and are directed towards the boat harbour (Interval D). The current is 
strongest (0.35 m/s) at the northern meter during interval D. 

Case 2. The second case occurred during the period 25 to 29 July 1996, when there was a 
strong wind warning current for most of the period. Large waves, significant wave height, 
Hsig," rising to 3 m, were measured at the northern wave rider buoy on 27 and 28 July 
(figure 4, graph (d)). At the same time, there were fresh to strong breezes (near gale at 
times), initially north-easterly on 27 July and veering northwesterly on 28 July (figure 4, 
graphs (e) and (f)). These wind and wave conditions caused total suppression of the 
'normal' tidal reversals at the northern current meter on 27 and 28 July and partial 
suppression for much of the rest of the period (figure 4, graph (c)). During the time when 
the current reversals were suppressed, a stronger than normal current, up to 0.7 m/s, was 
measured and this flowed in a southwestwards direction, towards the boat harbour (figure 4, 
graphs (b) and (c)). Currents of this magnitude should be capable of transporting sediment 
of up to coarse sand size across the reef-top. N.B. Wind directions are the directions f rom 
which the wind blows, whereas current directions are those towards  which the current flows. 

The tide level curve for the period 25 to 29 July 1996, graph (a), records that tide levels on 
the reef-top were higher than normal during this event. On 27 July 1996, the tide level did 
not fall below 1.0 m LWD, whereas on 25 and 29 July 1996, it did fall below this value. This 
shows that there was wave- and wind-setup on the reef-top of at least 0.1 m on 27 July 1996. 

C O N C L U S I O N S  

Currents measured on Heron Reef in the vicinity of the boat harbour exhibit an intricate 
pattern of reversals when controlled by the tide alone. At the northern current meter, there 
are four reversals during one tidal cycle. Under conditions of strong winds and large offreef 
waves, this 'normal' current reversal pattern is suppressed and currents on the windward side 
of the island are directed towards the boat harbour for the duration of the event. 

This preferred current direction at such times is capable of transporting reef-top sediments 
into the boat harbour, causing depletion of sediment reserves and erosion of Heron Island. 

Significant wave height is defined as average of highest _ of zero up-crossing wave heights in a given 
record. This is the standard statistical representation of wave height used by coastal engineers. 
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are for the northern current meter, courtesy of Beach Protection Authority, 
Queensland. 

52 



..d 

E 

O) 

"10 

I--- 

3 

2 

1 

0 

(a) 

E 
1.0 ~ ~ i 

t ! b !  ............................................ ~ ..................... i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  o5 i i 
�9 ' ................................... i i ......... ii.i ........ i c d ~ : ~ t ~ L ; ; ; <  ........ ;i,i oI:.:~'/~"ii~ ' ' ~ ' ~ ' '  it~,~,,i,ir' ................ ' ...... " ........ ~ ~  ~ ,  

3 6 0  .o 

m ~ 1 8 0  

0 
0 

(c) t I i ii iiiijiil ii, iiii iiii,ii   iL i iill i ii ; 

t -  

"-~ E O3 

m'r" 

3 

2- 

1 

0 
2 0  

(t} 

E 15 

03 
10  

O.  
0'} 

"o 5 ._c 

0 
3 6 0  

2 7 0 -  

8 0 -  

9 0 -  

0 

t,"- 
._o 

19 
:5 ~,1 

(d) 

(e) 
/ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - /  . . . . . . . . . . . . .  

~ / ............. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . ....... ; ! ~  

~~~.~_~_~_x~::._~ ....................................... 
2 5 1 7 / 9 6  2 6 / 7 / 9 6  2 7 / 7 / 9 6  2 8 / 7 / 9 6  2 9 / 7 / 9 6  

Figure 4. Tide levels, reef-top currents, speed and direction, wave height and wind speed 
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Harbour bund wall construction at Heron Island: coral 
response 

Jennifer LF Hacker and MR Gourlay 
Department of Civil Engineering, The University of Queensland Qld 4072 

A B S T R A C T  

The boat harbour at Heron Island was originally constructed in 1967 and enlarged 
in 1987. Consequent drainage off the reef through the harbour entrance channel 
during periods of low tide levels reduced the water-level on the reef-flat in the 
vicinity of the boat harbour. 

Between October 1993 and February 1994, low bund walls were constructed of 
concrete blocks along both sides of the boat harbour to raise the water level on the 
reef-flat during low tides and to inhibit sediment flow into the harbour. Water 
levels on the reef-fiat during low tides were measured before, during and after 
construction. Measurements of coral growth in response to raised water levels near 
the boat harbour have also been made. 

Water levels on the reef-top are affected by ambient wind and wave conditions as 
well as tides. The presence of the bund walls raised the water level on the southern 
side of the harbour by up to 0.12 m and on the northern side by up to 0.14 m. As 
a result of this rise in water-level, the reef-top coral species have shown prolific 
vertical growth, with some Acropora colonies growing by 145 mm in the two years 
following bund wall construction. Vertical growth is also evident in the slower 
growing Porites species. Some changes in species dominance have been noted in 
two belt transects, one on either side of the harbour. 

I N T R O D U C T I O N  

Heron Island, in the Capricorn group of reefs, is located approximately 80 km east-north- 
east of Gladstone (figure 1). A boat harbour has been constructed at the western end of 
Heron Island to facilitate access. A gap in the reef rim was blasted in 1945 and the boat 
harbour was first dredged in 1967, followed by further enlargement in 1987 (Gourlay and 
Jell 1993). 

I - . . . . . . . . .  \- Wistari -.~..--;~ , ~ . z ~  " % ' ~  I 

~ , , r  23030 ' 

0 1 2 3 t, Skin 
I t I I I / 

o 

Figure 1. Location of Heron Island and Heron and Wistari Reefs showing location of 
boat harbour 
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In common with most platform reefs, the reef-rim at Heron Reef is slightly higher than the 
rest of  the reef-top. Consequently the construction of a boat harbour through the reef-rim 
allowed water to drain off the reef through the harbour entrance channel at low tide. This 
had two important adverse effects. 
�9 It reduced the water-level on the reef-top during low tide which had a deleterious effect 

on much of the reef-top biota. 
�9 It changed the pattern of reef-top currents, causing them to flow into the harbour for the 

greater part of the tidal cycle. This resulted in deposition of sediments in the harbour and 
entrance channel. 

In order to address these adverse effects, the harbour bund walls were constructed between 
October 1993 and February 1994. The bund walls are low concrete block walls, one either 
side of  the boat harbour (figure 2). The walls are formed of 1.2 tonne interlocking concrete 
blocks 1.2 x 0.6 x 0.6 m, set in concrete. The elevation of the upper surface of the blocks is 
0.86 m above Heron Island Low Water Datum (LWD) which is approximately the original 
low-tide water level on the reef-top prior to bund wall construction. 

MEASUREMENT METHODS 

Tide levels were measured in the boat harbour and at six locations on the reef-flat, three on 
either side of the harbour (Sites TW I-6, figure 2). The level of the tide was measured in 50 
mm diameter polycarbonate wells installed on the reef-top. This level was determined 
relative to Heron Island Low Water Datum (LWD) using an automatic level. Tide levels were 
measured in September 1993, before bund wall construction; in April 1994, after bund wall 
construction and again in June 1996, two years after construction. 

Measurements of coral response following the raising of the low tide water level caused by 
bund wall construction included the following. 
�9 Measurement, in 1996, of the amount of vertical growth above the previous, pre -1994, 

limit of growth of  Acropora spp. colonies along a 500 m transect north of the harbour 
(sites TW 4 to wave staff, figure 2). These levels were also related to Heron Island Low 
Water Datum. 

�9 Measurements, at four monthly intervals, of the elongation of three branchlets in three 
Acropora spp. colonies, one south of the harbour (site TW 2), the other two north of the 
harbour (sites TW 4 and 5). Branchlets were initially tagged in July 1994. 

�9 Measurements, at yearly intervals, of growth, including both height and areal extent, of 
three complex Porites sp. colonies south of the harbour (figure 2). Initially, heights were 
measured relative to microatoll level, but subsequently, levels were taken by direct 
measurement using an automatic level. 

�9 Visual assessment of coral cover on the reef-top within 200 m of the boat harbour from 
aerial photographs taken on 14 October 1993, 29 January 1994, 25 April 1994, 20 
December 1994, 17 November 1995 and 3 April 1996. 

�9 Measurement, at yearly intervals, of two belt transects, one either side of the boat harbour 
(figure 2). Numbers and size of colonies of the seven dominant species and other 
organism types were recorded (Acropora spp., Porites spp., Montipora digitata 2, 
Goniastrea retiformis t, Chlorodesmis spp., Tridacna spp. (Mollusca) and Holothuriidae 
(Echinodermata)). Both transects were one metre wide, the northern one was 20 m long 
and the southern 25 m long. 

Coral identification, R Berkelmans, GBRMPA 
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Figure 2. Heron Island - western end, showing location of boat harbour, bund walls, 
tide level measuring sites (TW 1-6) and reef transects 

R E S U L T S  

Following bund wall construction, lowest low tide on the reef-top is maintained at or close to 
the level of the bund walls (0.86 m LWD). Before construction (15 September 1993), low 
tide water level fell to 0.7 m LWD on the northern side of the boat harbour (figure 3) and 
0.75 m LWD on the southern side. The water level on the reef-top drops slowly during the 
period that the harbour tide level is below the bund walls. The level on the reef-top is not 
affected by the actual level in the boat harbour, only by the length of time that the boat 
harbour level is lower than the walls. Consequently, in figure 3, the difference in harbour 
tide levels on 15 September 1993 and 30 June 1996 has had no affect the reef-top levels. 
During neap tides, the harbour tide level may not fall below the level of the bund walls 
(0.86 m LWD). 

Construction of  the bund walls raised the water-level on the reef-top on the northem side of 
the boat harbour by 0.14 m as measured at TW 4 (figure 3) and also TW 5 (locations in 
figure 2). The reef-top water levels on the southern side of the boat harbour were raised by 
a smaller amount ranging from 0.06 m at TW 2 to 0.09 m at TW 3. These values are valid 
for the relatively calm wind and wave conditions as experienced on both 15 September 
1993 and 30 June 1996. Water levels on the reef-top are affected by ambient wind and wave 
conditions as well as tides and are raised during conditions of strong winds and large off- 
reef waves (Gourlay and Hacker 1996). On 24 April 1994, when there was a moderate to 
fresh southeasterly breeze, low tide water level on the southern side was raised by 0.12 m, 
relative to conditions prior to bund wall construction. 

The corals have already responded well to the increase in low tide level on the reef-top. The 
results for coral growth presented here are only preliminary as the project is ongoing. The 
amount of vertical growth of Acropora since bund wall construction above the previous 
growth limit, the dead coral level, was greatest closest to the northern bund wall, ranging 
from 118 to 145 mm between TW 4 and TW 5, then decreasing with distance from the bund 
wall to 15 mm near TW 6, which is 240 m from the bund wall (figure 4). This is consistent 
with earlier findings that the influence of the boat harbour and channel on water level and 
hence on coral growth does not extend further than 400 m from the harbour (Neil 1991). 
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The tagged Acropora spp., located near TW 2, TW 4 and TW 5 (figure 2), have grown since 
bund wall construction (table 1). An individual measured branchlet from the colony near 
TW 5 has grown by a total amount of 186 mm (166 mm vertically) since it was tagged in 
July 1994, approximately six months after bund wall construction. Others have grown by 
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smaller amounts. The amount by which the water level has been raised is less near TW 2 
(0.06 m) than on the northern side. This i s  reflected inbranchlets from the colony near TW 
2 growing less than those on the northern side. Moreover growth in the colony near TW 2 is 
changing form and the branchlets are becoming stunted. 
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Table 1. Vertical growth of Acropora branchlets relative to LWD, July 1994 to July 1996 

Acropora level level vertical growth 
colony July 1994 July 1996 

m, LWD m, LWD mm 

TW 2 -  1 0.913 0.945 32 
2 - 2 0.810 0.886 76 

TW 4 -  1 0.711 0.877 166 
4 - 2 0.761 0.854 93 
4 - 3 0.779 0.886 107 

T W  5 - 2 0.772 0.842 70 
- 2s 0.782 0.842 60 

5 - 3 0.808 0.883 75 

The three Porites colonies, south of the boat harbour, are growing above a microatoli level 
of approximately 0.75 m (table 2). Neil (1991) describes how water level changes resulting 
from harbour reconstruction in 1987 affected coral growth levels north of the boat harbour. 
The microatoll level of 0.75 m is considered to be that determined by reef-top water levels 
prior to this reconstruction. Consequently, as Porites is a slow growing species, the colonies 
do not indicate a direct response to the bund wall construction, but they do show a growth 
response in both height and area to the raising in reef-top water-levels since 1987. It is 
expected that the Porites colonies will continue to grow in height until their growth in the 
vertical direction is limited by the low tide levels on the reef, now controlled by the bund 
walls which are at 0.86 m. Then, it is expected that they will begin to form new microatolls 
at a level above the existing one. 

Table 2. Growth in height and areal extent of three Porites colonies south of boat harbour 
(heights are to LWD and are an average of 5 portions of the colony) 

Porites 1 height 
area 

Porites 2 height 
area 

Porites 3 height 
area 

Atoll Increase Annual 
level 13/7/94 2 7 / 7 / 9 5  28/6/96 94-96 growth 

rate 
0.744 m 0.831 m 0.843 m 0.854 m 0.023 m 12 mm/a 

0.171 m2 0.217 m2 0.259 m2 51% 0.044 m2/a 
0.758 m 0.806 m 0.818 m 0.823 m 0.017 m 8 mm/a 

0.108 m2 0.143 m 2 0.179 m 2 66% 0.036 m2/a 
0.744 m 0.829 m 0.846 m 0.849 m 0.020 m 10 mm/a 

0.186 m2 0.253 m 2 0.262 m 2 41% 0.038 m2/a 

Visual comparisons of aerial photographs taken before and after bund wall construction 
show that coral cover over the reef-top in the vicinity of the walls has increased. Existing 
colonies are extending in area and new colonies are becoming established on areas which 
had negligible coral cover in 1993. 

The records of the two belt transects also show an increase in coral cover of approximately 
30% for each of the two years of measurement. In both transects, Acropora species 
generally grew more than the other species present. A noticeable decrease occurred in the 
number and size of Montipora digitata in the northern transect after the first year, but after 
the second year this was reversed. In the last year (1995-96), there has been substantial 
larval recruitment by Goniastrea retiformis in the northern transect which could be related to 
the changed hydrodynamic conditions in that location. However, it may be a chance event. 

C O N C L U S I O N S  

Coral species along both sides of the Heron Island boat harbour have shown vertical growth 
in response to the raising of the low-tide water levels resulting from construction of the 
bund walls in 1993-94. The faster growing species, such as Acropora, have almost 
completely accommodated the 0.14 m rise in low-tide water level during 2_ years, whereas 
other species, such as Porites, are taking longer to catch up. Increase in coral cover has also 
been observed in the aerial photographs, the belt transects and in the growth of specific 
colonies. This increase in coral cover and also changes in species composition may be 
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associated with the increased water levels and changed hydrodynamic conditions on either 
side of the boat harbour. 
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Quantifying organic content of material from coral reefs 

SW Purcell 
Department of Marine Biology, James Cook University Qld 4811 

A B S T R A C T  

Analysis of organic content is a common approach for evaluating suspended 
particulates, sediment deposits and benthic vegetation from coral reefs. These 
materials, however, often contain thermally unstable carbonate particles that can 
bias common analyses such as ash-free dry weight (AFDW) determinations. This 
potential error was assessed by analysing coral reef sediments for organic content 
using the ashing method and comparing these values to those obtained from a 
modified procedure for organic carbon analysis in a LECO auto-analyser. Trials in 
which bleach-washed sediments were combusted over a range of furnace 
temperatures revealed that ash-free dry weight content of sediments increased from 
3% at 400~ to over 40% at 650~ with differential charring of various biogenic 
grains. Rapid determinations of organic carbon in a LECO auto-analyser were 
carried out on acid treated and untreated samples of a marine alga, with and 
without calcium carbonate. Simple acid treatments in re-usable glass vessels 
eliminated at least 99.4% of carbonate interference. This treatment did not 
significantly affect the remaining organic carbon phase, and average precision was 
2.3% for biological material ranging from 0.3 to 16.0% organic carbon. 
Comparison of the two methodologies revealed that ash-free dry weight 
determinations of materials that contain coral reef sediments can be erroneous due 
to decarbonation of carbonate mineral phases. 

I N T R O D U C T I O N  

Analysis of organic content is a common procedure for evaluating biological and 
geological material from marine environments. Determination of ash-free dry weight 
(AFDW; also termed 'loss on ignition') is among the simplest of these, in which the amount 
of organic material in a sample is determined by subtraction of the weight of 'ash' (material 
remaining after combustion) from the initial dry weight. Bias in this method can arise from 
variable thermal instability of carbonate mineral phases at ashing temperatures (450- 
600~ some of the CO2 may be lost from the mineral phase and not exclusively from the 
oxidative decomposition of organic matter (Morse and Mackenzie 1990). A number of 
geological studies (Dean 1974; Telek and Marshall 1974; Hirota and Szyper 1975) have 
reported negligible dissociation of carbonate (reagent grade) at 500~ In accord with these 
findings, recent studies on coral reefs have applied ash-free dry weight determinations to 
suspended solids, benthic sediments, epilithic algae and stomach contents of herbivores; all 
of which contain biogenic carbonates. 

Knowledge of the suitability of ash-free dry weight determinations on material from coral 
reefs is lacking. In most shallow marine environments, particularly coral reefs, carbonates 
a r e  typically of a complex mineralogy (Chave 1962) and can contain considerable 
proportions of unstable mineral phases, such as high-magnesium calcite that may begin to 
decarbonate below standard ashing temperatures. This study aimed to evaluate this potential 
error by conducting ashing trials of coral reef sediments over a range of temperatures and 
comparing the results with those from a new procedure for organic carbon analysis using a 
LECO auto-analyser. This is a simpler procedure for induction furnace analysis than those 
recently described by Cutter and Radford-Knoery (1991) and Nieuwenhuize et al. (1994) as 
it deals with carbonate interference by using as single-step acid-treatment of samples in 
reusable vessels to alleviate carbonate interference prior to analysis, and is validated in this 
study. 
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M A T E R I A L S  AND M E T H O D S  

Carbonate sediment samples (n = 4) were collected from a reef flat at Lizard Island 
(14~ 145~ Great Barrier Reef. These were cleared of organic material by soaking 
in three series of 10% bleach (NaHCIO4) followed by five series of 1 gm filtered tapwater, 
with minimum soak periods of 12 h. The samples were then oven-dried at 60~ and stored 
in a desiccator with silica gell. Duplicate aliquots (approx. 1 g) from each sediment sample 
were weighed into pre-fired (650~ and desiccated crucibles to the nearest 0.1 mg. These 
were combusted in a calibrated Carbolite| muffle fumace for 16 h in separate trials at 400, 
450, 500, 550, 600 and 650~ then were cooled in a desiccator for several hours before 
being reweighed to determine the ash-free content. Duplicate empty crucibles were also 
fired during each temperature trial and showed negligible weight loss of the vessels. Change 
in appearance of sediments (superficially and within grains) that were combusted at the 
standard ashing temperature of 500~ was checked with light microscopy. The contribution 
by weight of siliceous sediments in each sample was determined after carbonate dissolution 
in hydrochloric acid (HCI). 

A LECO SC444-DR elemental analyser was used to quantify organic carbon content of 
triplicate aliquots of the same sediment samples. To permit acidification of samples, vessels 
(2 ml capacity troughs) were constructed from heat resistant HSQ quartz glass tubing 
(Heraeus Quarzglas) and were fitted into standard furnace boats. Aliquots (50 mg) of each 
sample were weighed to the nearest 0.1 mg in pre-fired vessels. These were then wetted with 
a few drops of deionised water and treated with 2 N AR hydrochloric acid, a few drops at a 
time, until the glass vessels were near full; this is enough HCI to liberate all CO2 from 200 
mg of carbonate material. The samples were then oven dried for 12 h at 70~ then analysed 
in the LECO analyser. This machine combusts samples in a furnace at 1200~ and detects 
the amount of evolved CO2 by infra-red spectroscopy, which is then converted to proportion 
of carbon using the initial sample weight. The glass vessels were rinsed in HCI and deionised 
water to allow multiple use, and have an estimated half life of about 50 analyses. 

An experiment was carried out to assess the suitability of this procedure for analysis of 
organic carbon of biological material; it tested whether: a) organic carbon is affected by the 
acid treatment, b) interference from inorganic carbon is eliminated, and c) the procedure 
adds any organic carbon. Laboratory cultured Enteromorpha flexuosa (Chlorophyta), a 
non-calcified filamentous marine alga, was used as the biological material to be tested. Fresh 
algae were rinsed thoroughly in distilled water, oven dried at 60~ and ground to a 
homogenous powder using a mortar and pestle. Aliquots (n = 6) of algae with and without 
CaCO3 (AR grade), CaCO 3 alone, and empty vessels were treated with acid and analysed as 
outlined above, as were aliquots of untreated algae and CaCO3. Additionally, samples of 
epilithic algae (n = 120) and detritus (n = 60) were also collected from Lizard Island 
(Purcell, unpubi, data), ground to a fine powder and analysed in triplicate using the above 
method. These field samples varied in the type of organic material and in the proportion of 
carbonate material present, providing a suitable range of samples to assess the within-sample 
precision of organic carbon analyses using this procedure. 

R E S U L T S  

Ash-flee dry weight determinations (figure 1) indicate that decarbonation of washed coral 
reef sediments begins at low ashing temperatures, and dramatically accelerates between 550 
and 600~ The average proportional weight loss of sediments was 3-4% for furnace 
temperatures up to 550~ but increased to 10.1% (+ 0.1% SE) at 600~ and 40.3% (+ 1.9% 
SE) at 650~ 
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Figure 1. Plot of mean percentage weight loss (ash-free dry weight) of coral reef sediments 
at different furnace temperatures. Curve of best fit (y = x/(-0.84x + 561); r 2 = 0.98.1) 
indicates early decomposition of carbonate material and increasing thermal instability 
at successively higher ashing temperatures. 

Following ashing at 500~ most of the dominant sediment particles, such as those from 
coral, calcareous algae and foraminiferans, changed, both superficially and within grains, 
from off-white to dark grey in colour. This indicates that mineral decarbonation, rather than 
the combustion of a residual organic layer on sediments, was attributing to the weight loss 
upon ashing. This observation however, was not consistent amongst all particles, as some, 
such as those from bivalve shells and echinoid tests showed little signs of mineral 
decarbonation, indicating that thermal stability varies amongst the carbonates of different 
coral reef organisms. Siliceous minerals can bias the accuracy of ash-free dry weight 
determinations via the loss of lattice OH-water (Dean 1974), but were a negligible 
component by weight (mean = 0.48% + 0.06% SE) of all sediment samples. 

LECO analyses (figure 2) showed that detected values of organic carbon of acid treated 
algae samples were not significantly different from those of samples with added C a C O  3 o r  to 
control (untreated) samples (one-way ANOVA; F = 0.24, p = 0.79). This demonstrates that 
interference of carbonates is avoided with the acid treatment, with negligible loss (e.g. 
volatilisation) of organic carbon. Accuracy of the analyser was confirmed by the carbon 
analyses of untreated reagent C a C O  3, which varied less than 2% (relative) from the predicted 
value of 12%. Analyses of acid treated C a C O  3 showed that the acidification is capable of 
eliminating at least 99.4% of the interference from carbonates. Acid-only controls indicate 
that acid introduced carbon can be considered negligible, as this accounted for less than 
0.2% of that detected in test algal samples. Average precision (SE/mean) of this procedure 
for organic carbon analyses was 2.3% for 180 carbonate-mixed biological samples from a 
coral reef, ranging from 0.34% to 16.01% organic carbon. 
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Figure 2. Mean organic carbon values of test materials using the LECO elemental analyser, 
with and without an acid treatment prior to analysis. Acid-only treatment is denoted as 
'control ' .  

Comparison of values provided by the two methods using coral reef sediments reveals that 
ash-free dry weight determinations are markedly overestimating organic matter content. 
Although both methods indicate that some recalcitrant organic matter remained after 
bleach-washing, the ash-free dry weight values of sediments combusted at 500~ were more 
than an order of magnitude higher than LECO values (table 1). One must consider, however 
that ash-free dry weight measurements are for bulk combustible organic matter (C, H, N, S, 
O), whereas the LECO analyser provides values for elemental carbon. Organic carbon values 
were therefore divided by the mean proportion of organic carbon out of the weight of 
detritus within sediments from Lizard Island (0.36; unpublished data) to convert these to 
estimates of crude organic matter. Each of these 'corrected' values, which are now inflated 
to a comparable unit of measurement, are still at least six times lower than the ash-free dry 
weight determinations of aliquots of the same samples (table 1). This demonstrates that 
other components in the sediment samples, such as thermally unstable carbonate minerals, 
decomposed at the ashing temperature to produce an error of about 3% of the sample 
weight. 

Table 1. Mean values (+ SE) of percentage bulk combustible organic matter (%AFDW at 
500~ organic carbon (acid treatment and LECO analyses), and bulk organic matter 
(see text) for the same four coral reef (bleach-washed) sediment samples 

Sample % AFDW % organic carbon (LECO) % organic matter (corrected) 
1 3.052 (+ 0.006) 0.169 (+ 0.005) 0.468 (+ 0.009) 

2 3.489 (+ 0.138) 0.164 (+ 0.014) 0.456 (+ 0.024) 

3 3.679 (+ 0.005) 0.167 (+ 0.005) 0.466 (+ 0.010) 

4 3.143 (+ 0.086) 0.188 (+ 0.024) 0.523 (+ 0.043) 
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D I S C U S S I O N  

This study indicates that decarbonation of thermally unstable carbonate sediment particles 
can bias ash-free dry weight determinations in samples containing coral reef sediments. It 
appears that the bias is detectable at temperatures as low as 400~ which is consistent with 
reports that the initial step in the decarbonation reaction for magnesium calcites can occur at 
250~ (Morse and Mackenzie 1990). The marked escalation in weight loss of the sediments 
around 600~ is probably due to decarbonation of phases such as calcite, which has been 
shown to decarbonate at this temperature (Hirota and Szyper 1975). 

Skeletal carbonates of calcifying organisms can be composed of a combination of minerals, 
such as calcite, aragonite and a spectrum of high-magnesium calcites (Chave 1962). It is not 
surprising that mollusc shells, which are composed of aragonite and calcite (Chave 1962; 
Milliman 1974), appeared unaffected after ashing at 500~ Conversely, sediment grains 
such as those of calcareous algae and benthic foraminiferans are reported to have relatively 
large amounts of magnesium in the calcite making up the test (Chave 1962; Ross 1977), and 
were amongst those types which appeared most thermally affected. 

The error in combusting biogenic sediments at the previously proposed ashing temperature 
of 500~ is particularly preclusive for quantifying organic matter from tropical coral reefs. 
Biogenic carbonates often comprise an overwhelming fraction, by dry weight, of biological 
samples from coral reefs compared to the actual organic material of concern. In these cases, 
the relative error in ash-free dry weight determinations is likely to be high, confounding our 
understanding of the role of organic material in these ecosystems. Applying correction 
factors for the decarbonation of carbonate (Telek and Marshall 1974) should be avoided 
for coral reef samples, as this depends on the composition of carbonate minerals which is 
likely to vary amongst spatially and temporally distinct samples. For determinations of 
organic carbon of sediments, benthic algae, or detritus from coral reefs, the method 
presented for acidification and analysis of samples (10-100 mg) using a LECO elemental 
analyser provides an accurate procedure in which the interference from carbonate minerals 
is alleviated. 
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A B S T R A C T  

Little is currently known about the role of sponges in bioerosion on the Australian 
Great Barrier Reef. Porites colonies from three reefs on Great Barrier Reef (inner- 
shelf Pandora, mid-shelf Rib and outer-shelf Myrmidon Reef) were examined for 
evidence of bioerosion with emphasis on sponges. Patterns were found despite 
relatively low replication. Myrmidon Reef showed least evidence of bioerosion. On 
Pandora Reef, mollusc and especially Lithophaga bioerosion dominated. On Rib 
and Myrmidon Reefs, sponges were the main cause of bioerosion. We divided the 
sponges into two groups according to the appearance of borings. Chamberlike 
excavations were predominately found in Myrmidon Reef Porites, whereas porous 
boring was by far the main sponge boring encountered at the other sites. This 
suggests a change in the species composition along the gradient of changing 
environmental conditions from nearshore to offshore. Bioerosion by other 
organism groups was sparse and only of minor importance on Rib and Myrmidon 
Reefs. These results are basis for ongoing studies of implications for sponge 
bioerosion in context of environmentalconditions and its management on the 
Great Barrier Reef. 

I N T R O D U C T I O N  

Sponges are important in the balance of coral reef construction and destruction (e.g. 
Goreau and Hartman 1963; Hartman 1977; Wilkinson 1983). They have been found to be 
the major agent of bioerosion in many warm-water habitats (Hein and Risk 1975; Bak 1976; 
MacGeachy and Steam 1976; Hudson 1977; MacGeachy 1977; Scoffin et al. 1980; 
Highsmith 1981; Acker and Risk 1985; Risk et al. 1995). Some observations suggest that 
rates of bioerosion (Highsmith 1980; Hallock and Schlager 1986; Hallock 1988; Hallock et 
al. 1993; Risk et al. 1995) and the composition of boring sponge communities may change 
with chang.ing environmental conditions, particularly with changes in nutrient 
concentrations or sediment loads (Rose and Risk 1985; Muricy 1991; Sammarco and Risk 
1990; Klein et al. 1991; Cuet and Naim 1992; Carballo et al. 1994). Sponge communities 
are known to vary along a cross-shelf gradient on the Great Barrier Reef (Wilkinson and 
Cheshire 1989, 1990), but little is known about responses of boring sponge communities to 
environmental gradients or variation. Variation or changes due to human activities could be 
monitored or controlled if found to increase bioerosion processes. Our study on the Great 
Barrier Reef established a basis for future investigations of agents influencing sponge 
bioerosion. 

M A T E R I A L  AND M E T H O D S  

Massive Porites corals from three reefs on a cross shelf transect in the central section of the 
Great Barrier Reef near Townsville were examined for traces of bioerosion during a pilot 
study of the distribution of boring sponges. The material used was provided by D. Barnes 
and M. Devereux at the Australian Institute of Marine Science in Townsville. It consisted of 
29 heads of Porites spp. sampled from similar reef environments of the outer-shelf 
Myrmidon Reef (120 km from the coast: 18.16~ 147.23~ n = 10), the mid-shelf Rib 
Reef (60 km from the coast: 18.29~ 147.53~ n = 10) and the inner-shelf Pandora Reef 
(16 km from the coast: 18.49~ 146.26~ n = 9) (Lough and Barnes 1990, 1992). Each 
coral was cut in half and one half each was cut into two quarters. The surface of each coral 
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half, and one of the quarter surfaces perpendicular to the first cut, were studied. The origin 
of bioerosion traces was determined by the appearance of the excavations (MacGeachy and 
Steam 1976; MacGeachy 1977; Sammarco and Risk 1990), proximity to clearly 
recognisable patterns and remaining tissue of the organisms. Bioerosion was traced onto 
transparent overlay film. Different colours were used to mark excavations by sponges, 
molluscs, 'worms' and 'others' (i.e. not belonging to the former groups or not possible to 
identify). The sponge category was further split according to the excavation architecture, 
indicating different sponge groups: smooth walled, relatively large cavities (in general 
between 1 and 5 cm in diameter); and fine-pored cheese-pattern borings only rarely wider 
than 1 cm per pore and with pitted walls. The circumference of each coral was traced 
distinguishing between live and dead surface. The drawings were traced and scanned for 
image analysis ('Digit' by Kim Navin and 'Image 1.47' by Wayne Rasband). Data were 
given as percentage of area removed per group related to dead area available on the corals, 
because 'available dead surface' differed significantly between the reefs (Kruskal Wallis, df 
= 2, H = 6.629, P = 0.0363) and is known to influence amount of bioerosion (e.g. Bak 
1976; MacGeachy and Steam 1976). Differences between the reefs were tested after 
lumping the group of 'worms' with the group of 'others' because of low values, and then 
comparing the sites with a nonparametric Kruskal Wallis test (df = 2). 

R E S U L T S  

All bioerosion cavities were under dead coral surfaces, and more than 90% were at the base 
of the colony. Proportions of 1.2 to 2.7% skeleton removed under dead surfaces were 
relatively low at all sites (figure I). Amount of bioerosion showed large variation, most 
pronounced on Pandora Reef (figure 1). Nevertheless, there were significant differences 
between reefs. 

The proportion of bioerosion per dead coral surface was slightly lower but not significantly 
so on Myrmidon, the outer-shelf reef, compared to the mid-shelf and the inner-shelf reefs, 
Rib and Pandora (Kruskal Wallis test, df = 2, H = 3.784, P = 0.1508). Sponges and molluscs 
were found to be the most important bioeroders, but they dominated on different reefs 
(figure 1). 

There was only weak evidence that amount of sponge burrowing differed with distance from 
the mainland (H = 5.868, P = 0.0532), even though the activity was most pronounced mid- 
shelf, on Rib Reef. Sponges with large, smooth-walled chambers were only important on the 
outer-shelf Myrmidon Reef (H = 8.825, P = 0.0121). By contrast, sponges with porous 
excavations were far more common on the inshore and mid-shelf reefs (H = 8.937, P = 
0.0115). The mollusc cavities dominated the Pandora Reef samples (H = 6.603, P = 
0.0368), and were mostly made by Lithophaga spp.. The group of 'others' played a minor 
role, but caused significantly more erosion on Rib Reef than on Myrmidon and Pandora 
Reefs (H = 7.212, P = 0.0272). 

Larger cavities were often associated with cracks through the coral skeleton. More than 90% 
of the sponge excavations did not penetrate deeper than 2 cm into the coral; along cracks 
they sometimes reached further. In a few cases, infection of deeper lying parts was caused 
by the incorporation of bioerosion into the coral when it grew over infected rubble. 

D I S C U S S I O N  

Rates of sponge bioerosion in our Great Barrier Reef samples are 0.5 to 2% of the dead 
parts of coral (figure 1), which are lower values than on reefs of other parts of the world. 
For example, average sponge boring in Porites astreoides on Barbados is 3 to 6% 
(MacGeachy 1977); Cliona caribbea alone removes 20% on average on Grand Cayman 
Reef, West Indies (Acker and Risk 1985). In context of the hypothesis that bioerosion can 
indicate increased nutrient levels, one may ask whether this could be the main cause of our 
findings (Highsmith 1980; Hallock and Schlager 1986; Hallock 1988; Hallock et al. 1993; 
Risk et al. 1995). Former studies indicated strong evidence of differences in the productivity 
on the Great Barrier Reef and Caribbean Reefs, in which sponges in particular were 
suggested as useful bioindicators for nutrient concentrations (Wilkinson 1987; Wilkinson 
and Cheshire 1989, 1990). 
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Figure 1. Bioerosion in Porites by different groups of organisms on a cross shelf 
transect across the Australian Great Barrier Reef. Bioeroders' groups were 
distinguished as: 

l sum of bioerosion 

l sum of sponge bioerosion 

'porous' sponge bioerosion in cheese-patterns 

[-7 'cavernous' sponge bioerosion with larger chambers 

mollusc bioerosion (mainly Lithophaga spp.) 

[IT[] all other bioerosion 
('wormlikes', others and not identifiable). 

Number of coral heads used per reef: N = 9 for Pandora and 10 for Rib and 
Myrmidon Reefs. Error bars are 95% confidence intervals. 

The present study is largely consistent with similar studies from the same area (Sammarco 
and Risk 1990), where sponges and Lithophaga spp. were also found to be the main 
bioeroders and to follow a similar distribution. However, our study revealed significant 
differences in the sponge community structure between the three reefs, not detected in the 
former study. This encourages more detailed investigations in future. 

Large variation between samples complicated the estimation of the significance of 
bioerosion (figure 1). Also, the amount of bioerosion in a particular coral has been shown 
to be dependent on coral age or size, as most bioerosion originates from dead skeleton (e.g. 
MacGeachy and Steam 1976). Thus, a range of criteria have to be considered when 
determining estimates of what is 'normal' and what is 'abnormal'. 

Valuable information was obtained by concentrating on few groups of organisms. Sponges 
and Lithophaga spp. are clearly the most important bioeroders in Porites of the study area 
(figure 1). Most erosion was observed on Pandora and Rib Reefs, indicating increased 
abundance of bioeroders and/or of their burrowing activity. The larger size of Lithophaga 
burrows and the relative scarcity of sponges on Pandora Reef may reflect environmental 
conditions. As filter feeders, both groups benefit from particulate nutrient loads which are 
presumably higher on inshore and mid-shelf reefs, compared to the very oligotrophic 
Myrmidon Reef, on the edge of the shelf. Sponges may suffer from coastal sedimentation, 
which clogs their fine canal system and inhibits their photosynthetic symbionts. Offshore, 
predation may be a limiting factor. Grazing fish abundance increases seawards (Williams 
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1982; Williams and Hatcher 1983). The sponge population on Myrmidon Reef is 
dominated by a different group of sponges than on the mid-shelf and inshore reefs. This 
may be caused by different water quality requirements. Sponges creating numerous small 
pores may be better protected against environmental variation. It is, for example, difficult to 
kill them in infected aquaculture bivalve shells without killing their hosts as well (Thomas 
1979; Lauckner 1983). Sponges causing larger erosion chambers which dominate on 
Myrmidon Reef have quite soft, delicate tissue which easily rots on slightest interference 
(Schrnberg, pers. obs.). 

Large bioerosion cavities may cause a greater loss in stability than small pores. The cavities 
are regularly associated with cracks extending further into the coral. Cracks seem to 
facilitate the spread of faster growing organisms, such as some of the sponges. In cases of 
ingrown infected rubble, the coral appears to be able to smother organisms in it by rapid 
growth or kill them by other means, because the bioerosion in the rubble rarely spreads into 
the surrounding Porites skeleton. 

Many questions remain to be solved to determine whether rates of bioerosion are influenced 
by pollution or other changes. Do boring sponges react similarly to environmental changes 
as do other bioeroders? After disturbance, such as crown-of-thorns starfish attacks, more 
available surface could lead to dramatic increases in boring sponge recruitment. However, 
little is known about reproduction of Australian excavating sponges. Both the large and the 
small cavities cause considerable structural instabilities; corals which appear superficially 
unharmed, can be fractured in a moderate storm. Rates of bioerosion by sponges on the 
Great Barrier Reef will thus constitute important information for reef management. 
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