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Figure 1. Location of drainage basins and major river systems discharging to
the Cairns Section of the Great Barrier Reef Marine Park.
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PHOSPHORUS EXPORT COEFFICIENT

‘estimates of both are therefore required for reliable load estimation. A

Phosnhorus Toad is equal to the product of concentration and discharge; o

reasonable estimate of load may be derived using the flow record in
.conjunction with an appropr1ate phosphorus export coefficient. However,
very few load estimates for Australian rivers have been published, and of
those which have (Cullén et al., 1978, Birch, 1982) the applicability of
reported export coefficients to Queensland 1is questionable. The
coefficients used in this paper are based on those measured during a
24-month study of phosphorus flux in the South Pine River (SPR), south east
Queensland, by the author (Cosser, in preparation). Study objectives were
to quantify phosphorus export and examine concentration-flow relationships;
sampling was therefore appropriate to flux estimation, with high frequency
sampling during stormflow. Concentration on flow regression models were
developed independently for baseflow and stormflow, and for the latter,
data were further stratified and separate models developed for rising and
falling stages of the hydrograph to account for hysteresis behaviour. Flux
estimates were calculated and export coefficients derived accordingly.

Export coefficients are frequently reported in terms of kg/ka yr-1l,
However, load is determined largely by discharge volume, and therefore
stormflow load per unit area is dependent on the magnitude of the storm
event. Export coefficients of this form are therefore inappropriate for
comparative or pred1ct1ve purposes as the value is volume dependent. A
comparat1ve basis is established, however, by using kg/km2 mm-1 such that
load is expressed per mm runoff per unit area A stormflow total
phosphorus export coefficient of 0.54 kg/km¢ mm-1 is proposed. This value
is marginally above the value of the mean stormflow coefficient observed in
the SPR.in order to compensate for the higher intensity of rainfall
experienced in the north.

While the limitations of extrapolation to the Cairns region are recognised,
similarities in catchment characteristics suggest that the value of the
export coefficient will be of the approximate order. Both are subject to -
highly seasonal and intensive storm events which result in significant
surface runoff and high water yield. Particulate entrainment and
transportation is therefore high. The SPR catchment is largely (70%) under
native dry and wet ‘'sclerophyll forest and is characterized by steep o
forested slopes and narrow V-shaped valleys. Stream gradients are high and.
channel lengths short. Similar features are evident in the northern river .
basins. Application of the coefficient to the 1arger southern river basins
is less satisfactory.

PHOSPHORUS . LOAD ESTIMATION

Phosphorus load was estimated for each drainage basin as the product of
mean annual runoff (mm) and area (km?) multiplied by the export
coefficient. Mean annual runoff for each of the major rivers in each
drainage basin (QWRC, 1979) is assumed to be representative of the entire
drainage basin. In the case of the Endeavour basin, two runoff values were
used; one representing the Anna River and Endeavour River (946mm), and the
other the Bloomfield River (2799mm). Each was applied to half the basin
area. Stormflow resulting from maJor stormevents can typically constitute
75% to 85% of annual discharge, minor stormflow and baseflow accounting for
the remainder. The stormflow export coefficient is therefore applicable to
this fraction. A value of 80% of mean annual runoff was selected for load
ca1cu1ation Total phosphorus load estimates are presented in Table 1.

The value of 9357 tonnes represents the est1mated mean. annua] riverine
stormf]ow total phosphorus load to the Cairns Section of the. Great Barrwer‘
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Reef Marine Park. This value will obviously vary from year to year s
depending on the number and magnitude of major storm events. The magnitude
of variation will probably be similar to that of annual discharge.

The coefficient of variation, defined as the standard deviation divided by
the mean, of annual discharge for rivers in this region is given as 0.5 by
McMahon (1979). This suggests a standard deviation of mean annual
phosphorus load of 4679 tonnes.

On the basis of the SPR research, baseflow and minor stormflow export
coefficients may be only 5 - 20% of major stormflow values. Given the
higher coefficient and the relative magnitude of stormflow discharge, the
stormflow load estimate probably represents in excess of 90% of total
annual load.

Table 1. Drainage basin area, mean annual runoff and estimated mean annual
riverine stormflow total phosphorus load.

Drainage Basin Area (kmZ) Mean Annual 80% of  Export  Total Phos-
‘ Runoff (mm) Runoff Coeff. _ phorus load
(kg/kmémm-1) (tonnes)

Jeannie 1878 657* 526 0.54 533.0
Endeavour 1100 946 757 0.54 449.5
1100 2799 2239 0.54 1330.1
Daintree 2125 1513 1210 0.54 1388.9
Mossman 490 1200 960 0.54 254.0 ¥
Barron 2175 449 359 0.54 421.9
Mulgrave-Russell 2020 3441 2753 0.54 - 3002.8 w
—- ——-—Johnstone—— —2330-- - -- -1964 - - —1571—— --0.54- - 1976.9 i

Total 3357, 1
* Mean of Jeannie River (531mm) and McIvor River (783mm).

TEMPORAL DISTRIBUTION OF PHOSPHORUS FLUX

As a result of the hydrologic regime of north Queensland rivers, in which
major stormflow may occur for less than 15% of the year but account for a
significant percentage of annual discharge, phosphorus loading is typically
episodic. Approximately 90% of annual phosphorus loading may occur in
association with several major storm events between the months of January
and April.

The significance of stormfTow in nutrient fTux is well estabTished.  CulTen
et al. (1978) reported 67% of phosphorus flux to Lake Burley Griffin in 9%
of the time in association with two major fiood events.

THE FORMS OF PHOSPHORUS

The chemical properties of the orthophosphate ion cause it to react readily
with various soil components, including aluminium and iron oxides, clay
minerals and solid carbonates. Consequently, soil phosphate is present
largely in association with particulate material. Solution phosphate
concentrations are accordingly low. The aqueous and solid phase
partitioning of phosphates has significant implications in terms of
phosphorus flux. -A number of studies have demonstrated that riverine
phosphorus flux is largely attributable to the export of particulate
associated phosphorus. While the relative fractionation is variable, on
the basis of literature values and those observed in the SPR, 30% may
represent the upper limit of the dissolved fraction during stormflow. The
ratio is however influenced strongly by such factors as rainfall intensity
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and antecedent soil moisture, in addition to 'soil type and vegetation»
cover. Given local meteorological conditions, which result in significant
surface runoff and high water yield, the part1cu1ate fraction can be
expected to- const1tute greater than 80% of .the total phosphorus 1oad1ng

The s1gn1f1cance of the- relat1ve fract1onat1on of r1ver1ne phosphorus
relates to d1spers1on and fate once d1scharged to the Barrier Reff Lagoon.
These factors in turn determine the biological significance of the input.
Disperson.of the finer suspended fraction can be quite extensive. -The
distribution of terrigenous sediments in the Cairns region of the Barrier
Reef Lagoon indicates disperson across the width of the Lagoon (Wolanski et
al., 1986). Sedimented phosphorus may therefore represent a significant
source of phosphorus to the reef system. However, while riverine flux is
episodic, the processes of sedimentation and regenerat1on serve to
distribute biologically available phosphorus throughout the year.
Dispersion of the dissolved fraction follows that of the freshwater plume
and may be spatially more extensive. Flood runoff may result in a marginal
and trans1tory elevation in ambient concentration over a w1de area. This
fract1on is immediately biologically available.

CONCLUSIONS

The estimate of r19er1ne phosphorus load is based on export coefficients
observed in southern Queens]and the validity or otherwise of extrapo]atlon

‘to north Queensland remains to be verified.

The utility of such estimates for environmental management purposes relates
to both the evaluation of the quantitative significance of different
phosphorus sources, and the capacity to identify perturbations to loading
characteristics. The ability to detect change is necessary in order to
identify the existence of a potential problem. Detailed analysis of
present flux characteristics provides a data base for future comparative
studies. Identification of change above that considered within the realms
of natural variability provides an indication as to possible perturbations

" prior to resulting biotic manifestations.
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PREDICTING THE MOVEMENTS OF NUTRIENTS IN THE GREAT BARRIER REEF

Eric Wolanski and Brian King ' 3
Australian Institute of Marine Science

ABSTRACT

An outline is given of the movement of nutrients in three cases,
namely the case of river floods, the circulation around reefs for
non-buoyant nutrients, and the fate of buoyant nutrients (coral
eggs and sewage). In the first case, the river plume formation
leads to a baroclinic coastal boundary layer of width increasing
northward (for large river discharges) away from the river
mouths. When the river flood ceases, baroclinic effects break up
the plume in patches which are leaking along the coast. These
patches drift more or less passively with the currents and can
sweep over a considerable extent of the Great Barrier Reef. 1In
the second case, non-buoyant nutrients are advected by currents
around reefs and may be trapped in lagoons and near separation
points. The CORSPEX model can be used to predict these
topographically-controlled flows as it has been successfully
verified against extensive field data collected at three test
areas, namely Rattray Island, the Ribbon Reefs and Bowden Reef.
In the third case, buoyancy-induced secondary flows are expected
to have a dominant influence as they result in concentrating the
coral eggs, oil and buoyant waste along topographically- »
controlled fronts. This process is not predicted by any
available classical two-dimensional models. These models are

still extensively used, though they are invalid, in determining s
the fate of nutrients, coral eggs, oil and sewage near reefs. T




WATER COLUMN NUTRIENT'PROCESSES IN GREAT BARRIER REEF WATERS

Miles J. Furnas
. Austrahan Instltute of Marme Science

INTRODUCTION

The development of ratlonal policies for the management of inputs to and nutrient levels within
a large, nominally oligotrophic ecosystem such as the Great Barrier Reef (hereafter GBR)
requires an understanding of nutrient dynamics at the system level. In developmg such an
understanding, -the role of water column processes is central, as most nutrient additions to the
GBR ecosystem through human activities will likely come via the water column, be dlspersed by
water movements and be transformed by planktonic orgamsms

A Schematic for a Water Column Nitrogen Budget

With the last several years, an attempt has begun to develop a quantitative. nitrogen budget for
shelf waters of th¢e GBR. Figure 1 presents a schematic depiction of water column pools of

~nitrogen, both in living and non-living forms and the pathways whereby nitrogen is added to, .

removed from and transformed by pelagic organisms. The focus is strictly upon water column
processes. Coral reefs and the soft; inter-reefal benthos, both with equally complex nitrogen
dynamics are shown as “black boxes” exchanging N with the water column. The development
of models, whether schematic as shown or numerical, provide a focus for the identification of
key system pools and pathways and a means for integrating results from a range of focused
investigations.

Historical studies and data sets (eg. Andrews, 1983; Andrews and Gentian, 1982; Bel]amy et
al., 1982; Furnas and Mitchell, 1984; Furnas and Andrews, 1986, in prep.; Thomson and
Wolanski, 1984; Wolanski and Jones, 1981), have now established regional and seasonal
variations in concentrations of dissolved inorganic nutrient species in the GBR waters,
temperature-nutrient relationships in Coral Sea water masses mteractmg with GBR shelf waters

- and functional relationships whereby shelf-scale inputs of nutrients from 1ntrus1ons of Coral Sea

water may be estimated.

Work in progress is now directed toward quantifying seasonal and regional variability in
concentrations of particulate nitrogen (PON) in shelf waters, inputs of nutrients from rainfall
and coastal rivers, sedimentation of organic nitrogen from the water column, nitrogen uptake by- -
phytoplankton and remineralization of nitrogen by water column biota (e.g. Ikeda et al., 1982).

A variety of evidence suggests that the inter-reefal pelagic ecosystem of the GBR is nitrogen,
rather than phosphorus or silicon limited. It is important, however, to note that this limitation

is biomass, rather than kinetic. limitation. Direct and indirect measurements of phytoplankton . . |

growth rates in situ (Table 1) indicate phytoplankton populations can grow at rapid rates (>1.5 -
doublings day-!), despite low nutrient, particularly nitrogen concentrations. Importantly, within
these populations, a number of individual phytoplankton species are frequently growing at rates
in the range between 2 to 3 doublings per day and do so at DIN concentrations of 0.2 yM or
less (Furnas, in prep.). Concentrations of dissolved inorganic phosphate (DIP) and silicate are
almost always measurable, while concentrations of dissolved inorganic nitrogen (DIN) species



Figure 1. A schematic model for water column nitrogen pools and fluxes in GBR shelf waters.
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are frequently at or below the limits of detection (now ca. 0.05 uM). Concentrations of DIN
and DIP in shelf waters generally have a DIN/DIP ratio on the order of 1, far less than the
Redfield. N:P ratio (15-16) characteristic of marine phytoplankton. The low DIN/DIP ratio
means that in the absence of external nitrogen addltlons avallable mtrogen will be exhausted
before phosphate and s111cate are depleted ; . r
Dxrect compansons between water column stocks of DIN and estimates of mtrogen present in
the form of phytoplankton biomass (Figure 2) indicate that soluble i inorganic pools are similar in
magnitude to or smaller than biomass-N pools. As a rule of thumb, to estimate phytoplankton
biomass N, 1 pg of chlorophyll is equivalent to 1 ug-at of biomass N (e.g. Furnas, 1983).
Large changes in water column pools of biomass-N and DIN only occur in GBR shelf waters

- when-additional-amounts—of~ mtrogenous nutrients are added (in the case shown), by intrusions
- from the Coral Sea to the ecosystem, river runoff or cyclonic disturbances of shelf sediments.

Nitrogen Uptake by Phytoplankton in the GBR

Direct measurements of nitrogen uptake by phytoplankton made using N tracers, indicate
rapid uptake and recycling of nitrogenous nutrients. When presented with nitrate at uptake
saturating concentrations (ca. 2 uM), near-surface phytoplankton from the GBR lagoon are
capable of doubling their standing stock of particulate nitrogen in less than one hour (Figure 3

~ Top). Preliminary kinetic analyses of uptake rates in relation to nitrate concentration and light

intensity indicate half-saturation coefficients, the level at which uptake occurs at half the
maximal rate, are <0.5 uM NO,-N and 10% of normal surface light levels. ‘

Time courses of ammonium uptake, as measured by SN uptake (Figure 4) conﬁrm rap1d
turnover of water column ammonium pools. Where a ’N-NH, spike considerably in excess of
the ambient concentration is added to a sample (Fig 4 Top and solid lines; Bottom), linear
uptake occurs for periods of at least 4-6 hours. When a spike- closer to normal ambient
concentrations (ca. 0.2 uM) was added to inshore samples with higher standmg crop levels,
uptake slows within 1-2 hours, indicating either depletion of available ammonium in the sample,
and/or isotope dilution of the added spike by mineralization processes within the incubation
bottle.

The Role of Disturbances in Shelf-scale Nutrient Processes

Oceanographic observations made shortly after the passage of cyclone Winifred over a section of
the GBR in 1986 illustrate the role of disturbances in shelf-scale and local nutrient processes and
the effect of nutrient loading upon concentrations and spec1at10n of nitrogen in partlcular

A hydrographic survey conducted after the cyclone showed the presence of high dissolved
nutrient and phytoplankton biomass levels (Figure 5) throughout an area on the order of 10*
km?2. Preliminary nutrient budgets for the event indicate that most of the phosphate and silicate
added to the water column could be accounted for by inputs from rainfall, river runoff and
porewaters in disturbed shelf sediments. In contrast, existing nitrogen stocks plus inputs from
the above sources accounted for less than 25 percent of the nitrogen present in the post-cyclone
water column. Partial mineralization of organic nitrogen in the column of shelf sediments
resuspended by cyclone Winifred can easily account for the dlscrepancy The high

" concentrations of nitrite and nitrate in shelf waters are indicative of waters recewmg enhanced

- loading of organic nitrogen (e.g. McCarthy et al., 1984). When organic nitrogenous. nutrients




Figure 2. A comparison between integrated water column stocks of chlorophyll a and DIN
(NH, + NO, + NO,) at mid- and outer shelf stations in the central GBR. Station 1 is in

‘ the GBR lagoon station 4 at the shelfbreak. (From Fumnas and Mitchell, 1986).
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@ ;‘ Figure 3. Uptake rates of nitrate, expressed as uM NO, taken up per uM of particulate N per.
K hour - (hr!), in relation to nitrate concentration and ambient light intensity (as percent of
surface irradiance) for near-surface phytoplankton from a mid-lagoon and an inshore site.
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Figure 4. Time courses of ’N-NH, uptake, expressed as the atom percent excess of filtered s
particulate matter, by phytoplankton from the oceanic Coral Sea (Top, spikes > 1 uM) and
from GBR shelf waters (Bottom, solid lines - midshelf and inshore experiments with spikes
> 0.3 uM; dashed lines - inshore experiments with spikes < 0.2 uM).
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are added to GBR waters, mineralization by microbial processes proceeds at a rapid rate.
Where mineralization of organic N to ammonium exceeds nitrogen demand by phytoplankton,
"blooms” of aerobic nitrifying bacteria appear to develop as well, converting surplus ammonium
to nitrite and nitrate.

Normal seasonal storm winds can lead to localized increases of dissolved nutrient concentrations
and phytoplankton biomass in inshore water by resuspension of inshore sediments (Walker and
O’Donnell, 1981; Ullman and Sandstrom, 1987). Where the nutrient and organic content of
coastal sediments are enriched by nutrient discharges, this effect may be exacerbated by
concurrent mineralization of resuspended organic matter.

Some Implications of Water Column Nutrient Processes for GBRMP Management Planning

Phytoplankton biomass in inter-reefal waters of the GBR is N-limited. Inputs of nitrogenous
nutrients will therefore likely lead to increases in phytoplankton and hence, plankton biomass in
the affected area. Because of the high water temperatures (22-30C), high in situ light levels and
rapid rates of nutrient recycling within the water column, phytoplankton populations can take up
nitrogen equivalent to the standing crop within hours and can develop into appreciable blooms
within 2-3 days if sufficient nutrients are available. As a result, human additions of nutrients to
GBR waters may not necessarily be observable as an increase, either locally, or regionally, in
dissolved nutrient levels. Rather, an obvious sign would be local or regional increases in
phytoplankton biomass. Localized increases in dissolved nutrient concentrations would be most
apparent where ratios of nutrients entering the ecosystem are unbalanced for phytoplankton
growth (e.g. Goldman, 1976), resulting in the depletion of one nutrient before all are consumed
and leading to buildups of "surplus” nutrients (e.g. DIN, phosphate or silicate) in particular
situations.

The ability of phytoplankton to take up nitrogen and grow at near-maximal rates at ambient
nutrient concentrations less than 1 yM means that nutrient discharge/dilution standards should ¢

reflect these concentrations to prevent the development of localized, possibly deleterious algal
blooms. Natural DIN concentrations in excess of 1 uM do occur within the GBR (e.g. Hatcher
and Frith, 1985), but such situations appear to be restricted to highly enclosed reef lagoons and
reef flat tide pools with very short to moderately short residence times.

Experimental and observational evidence suggests that phosphorus, not nitrogen is the
macronutrient most directly detrimental to coral reef growth and health (e.g. Kinsey and Davies,
1979). The development of enhanced phytoplankton biomass levels as a result of local or
regional eutrophication would affect coral reefs in a variety of ways, either through increases in
"surplus” water column phosphate concentrations, or through indirect changes in reef
community structure resulting from the growth of macroalgae, increased organic sedimentation
from plankton blooms, shading of benthic autotrophs and fostering the proliferation of benthic
C ceqae C 0) N eased al! 2 etrita NAT L ALE oncen
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‘Andrews, J.C. ‘and P. Gentian 1982 Mar. Ecol. Prog. Ser. 8: 257- 269. -
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Table 1. Doubling rates of chlorophyll (meah +1 S.D., range) in diffusion chambers incubated
under in situ conditions at mid- and outer-shelf sites in the central GBR.

Mid-Shelf | Outer-Shelf
Summer near-surface Summer near-surface |
0.8+0.8 0.2 +0.3
n=717 n=3>,5
0.0-1.6 0.0-0.7
Summer near-bottom - Summer near-bottom
0.6+0.4 0.4 +0.2
n=35 n=3>5
0.0-09 0.2-0.6
Winter near-surface Winter near-surface
i O 3 . 0.8 + 0.2 |
= 3 n-= 4
0. 8 -1.3 0.5-1.0
Winter near-bottom s
0.5
o - . ... n=2 o _F
0-1.1
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RESPONSES OF CORAL REEF SYSTEMS TO ELEVATED NUTRIENT LEVELS

Donald W. Kinsey o S

.Great Barrier Reef Marine Park Authority, Townsv1lle. BRI o o

INTRODUCTION

qual reefs are dynamic systems. Fringing reefs in particular may be very
effective in demonstrating many aspects of system and community behaviour
because of the greater variability in environmental parameters to which

_they are 1likely to be exposed. In a recent workshop (Baldwin 1987)

conducted by the Great Barrier Reef Marine Park Authority to consider the

- coastal fringing reefs of the Great Barrier Reef Region, a number of-

relevant and significant conclusions were indicated. They included: .

. coral reefs, or at least fringing héefs, exhibit significant
instability combined with a significant degree of resilience

. fringing reefs exhibit a rather discontinﬁous existence with phases

of very active development alternating with phases in which they are
: v1rtually "dead"

.. nevertheless, fringing reefs exhibit ’very ‘good long~term survival

. there are very sharp thresholds in stress response beyond which reef
biota collapse B

. coral reefs can be considered as exhibiting certain specific
attributes: , '

-they are normally subject to very low biological and chemical
for01ng functions

-they have principally physical controls, such as turbulence, wave
energy, storms, etc

~they have an extremely high biological diversity which ié an

- effective mechanism for handling the Very low nutrient environment

. in which they are normally found

 -they are generally very tolerant of stress

-they exhibit rapid collapse when the stress exceeds a crltical -

level

Stress to coral reefs can best be considered in two broad categories:
acute stresses are those which kill at least the major groups of reef

‘organisms; chronic stresses are those which the reef is able to withstand
-through extended time. Typically, a kill by an acute stress such as a,

major storm, freshwateb input, or crown of thorns infestation is likely to
be followed by rapid recovery in the absence of chronic stress. A kill by

an acute stress in the presence of chronic stress is likely to. lead to
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non-recovery of the original reef community with a shift to a low
diversity community better able to benefit from the chronic stress
situation. I believe nutrients generally constitute a chronic stress, the
presence of which may not be evident in community response for a long
time.

Much of the Great Barrier Reef has been subject to only low level
environmental stresses because of the magnitude of the monsoonal runoff
during the wet season. The sediment and fresh water input from this
runoff have been so great from time to time that they have caused most of
the Great Barrier Reef system to develop seldom closer than 20 km and
frequently more than 100 km offshore from the mainland. Because of the
separation of the reefs from the coast, the effects of the input of any
threatening materials, including excessive nutrients, have been greatly
attenuated by coastal dilution. Further, the Reef has not only been
inaccessible for subsistence use, but until recently much of it has been
remote even to the present population of Australia. The advent of faster
vessels 1is changing this, but there has not yet been time for major
effects to result. ‘

Notwithstanding this apparent degree of protection of most of the reefs of
the Great Barrier Reef Region, there are nevertheless many perturbations
which can be considered. as possible indications of nutrient stress. The
progressive degradation of some inshore reefs such as Low Isles (Rasmussen -
1986) and the Green Island reef (summarised by Baxter 1987) is likely to
reflect in part the influence of coastal water degradation (Hopley 1982) .
In the case of Green Island at least, the influence of localised nutrient
enhancement from the island sewer outfall is also generally accepted as
being pronounced. Clearly, the increasing use of the Region, its adjacent
coastal—areas;— and -its—3islands—-has—the— potential to . lead ._to _more
degradation and careful management is essential.

My work has always emphasised the effects of stresses on the total system
and has not considered in any detail the specific response of individual
organisms, This paper, therefore, will stress system responses., I will
discuss some effects of naturally elevated nutrient levels, experimentally
enhanced nutrient levels, and the complex effects of treated sewage input
on overall community structure and community metabolism (see also Kinsey
1987; in press). '

THE NATURALLY OCCURRING SITUATION

The range of nutrient levels within which coral reefs occur is very broad
(Smith and Jokiel 1975; Kinsey and Davies 1979; Smith et al 1981; reviewed
by Kinsey 1985). They are by no means oases in the marine deserts of the
world as they are often presented, In fact, it is probably reasonable to
say that coral reefs occur throughout the naturally occurring range of

surface nutrient concentrations found in the open tropical oceans of the
world.

Reefs occur in waters with nutrient concentrations covering at least the
range:

0 == hpM avallable nitrogen 0.05 == 0.6pM available phosphorus
It is interesting, however, to examine the carbon budget data available

for complete reef systems throughout the reported nutrient range
(summarised by Kinsey 1985). Most carbon budget data indicate that typical
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complete systems are in almost perfect trophic balance, fixing almqst

exactly the same amount of carbon by photosynthesis as they release by.

respiration and exporting no more carbon than they receive in incoming

‘plankton (there may be considerable spatial variability in this balance

within the system, ie local source and sink areas). However, the Canton
Atoll system reported by Smith and Jokiel (1975), and located in the
general vicinity of the equatorial divergence, is subject to incoming

nutrient levels at the top of the naturally occurring range. This. reef
system was found to exhibit a clear net production (though <5%), with

photosynthesis exceeding respiration, and the system must be assumed to
either accumulate organic matter or to export it in significant quantity
to the surrounding ocean. )

THE EFFECTS OF EXPERIMENTAL NUTRIENT ENRICHMENT

A study of the impact of deliberate nutrient enrichment was carried out at
One Tree Island reef (latitude 23930'S; 95 km offshore) in the Capricorn

Group in 1971-72 (Kinsey and Domm 1974; Kinsey and Davies 1979). In these

experiments a small lagoonal patch reef 25 m in diameter was subjected to
concentrations of 20uM nitrogen (urea and ammonium) and 2 uM.phosphate

~during the 3 hour ponded slack-water period of each daytime low tide. This

experiment was -carried out over a period of eight months. While the
concentrations achieved were considerably above those occurring in reef
areas naturally, the time of exposure each day obviously was very limited.
The normal lagoon levels of nutrients in One Tree lagoon were less: than
0.5uM nitrogen and about 0.05uM phosphorus. : '

ain reef-flat

Control reef-flat

- Experimental reef-flat 72 Experimental reef-flat with fertilisation
(1971) 7 (1972)

FIGURE 1. The effects of an eight month period of nutrient enhancement on
community metabolism in a lagoonal patch reef at One Tree Island, Great
Barrier Reef. The effects stabilised to the values indicated after about
one month. The 'control reef flat’ (on an adjacent patch reef) and the
'main reef flat'’ areas used for comparison were chosen to approximate the
community structure of the experimental patch reef. Each of the sites
included appreciable areas of unconsolidated sandy bottom. ‘

P = Gross diel photosynthetic production (g carbon m—2d—%)
R = Gross diel respiration (g carbon m—24d-1)
G =

Net calcification , - (kg CaCOyp 2yr—2)
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The effects on community structure were undetectable, however, the effects
on community production were appreciable and the effects were residual to
the extent that they continued for at least a month after the cessation of
nutrient addition. .

Figure 1 indicates the results of these experiments and it can be seen
that the primary production of the system increased by approximately 25%,
while consumption (respiration) appeared to be virtually unaffected. Thus,
the system changed from being approximately in trophic balance to being
significantly autotrophic. The fate of this excess production is not
particularly clear. As indicated, there were no obvious changes in
community structure. It is assumed that the excess production was either
lost to the system as algal detritus, or was grazed from the system by
itinerant fish and that this did not constitute a major addition to the in
8itu respiratory load.

The most dramatic effect of the nutrient enhancement was a 50-60%
reduction in system calecification. This clearly implies the possibility
of progressive long-term degradation of structural aspects of the reef,
notwithstanding the apparent stability of the community structure.

Overall, a substantial increase in soluble nutrient levels would seem to
be a chronic stress able to be withstood for quite extended time periods
without visible effects. However, it is clear that enhancement of organic
productivity certainly results and that calcification is severely
inhibited.

o

THE COMPLEX EFFECTS OF TREATED SEWAGE INPUT

Kaneohe -Bay,—-Hawaii, is_the_best_ documented. example of the effects of
combined stresses on a coral reef system (eg Banner 1968, 19T7TH4; Kinsey
1979; Smith et al 1978; Smith et al 1981). Kaneohe Bay is quite
frequently subjected to the acute effects of fresh water runoff on the
reef flat environments. The potential for such events is clearly
demonstrated in Table 1. This periodic destruction of reef communities has
been tolerated throughout most of the Holocene, with rapid recovery after
each event,

During this century, however, the bay has been subject to increasing

levels of a series of chronic stresses. Figure 2 indicates the general
.configuration of the bay and its reef systems. Table 1 gives additional

relevant information. The general circulation patterns prevailing and the

location of the major streams are also indicated.—Since the—advent—of———m——
man, increasing agriculture has occurred, particularly towards the

northern end of the bay. This has resulted in substantial sediment runoff

exceeding that which had previously occurred naturally. Additionally,

urbanisation of the southern end of the bay (now 60,000 people) has

resulted in substantially increased sediment runoff in that area also,

Substantial sewage input, representing the domestic output of 100,000
people by 1975, has occurred in the southern end of the bay at the points
indicated in Figure 2. As the sewage was largely domestic and received
secondary treatment it constituted principally a soluble nutrient input.
The inputs are indicated in Table 2. However, the principal effect of
this sustained nutrient input from a concentrated point source was to
create a steady flow of phytoplankton and associated zooplankton in the
water column. Thus, the coral reef systems actually were subjected as
much to an organic particulate load as to a nutrient input.
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FIGURE 2. Kaneohe Bay oh

- the island of Oahu, Hawaii.
'Principal watershed 'streams

and - all major 'patch-reefs

tand. fringing reefs are

shown. The bay is . semi-

enclosed by a .substantial
_barrier—reef/sand-bar strue-

ture and 1is considered

functionally in three

indicated zones: northwest,
central, and southeast. The
two sewage outfalls, in use

to the end of 1977, are’

indicated A . K 1is the
Kaneohe city outfall and MC
is the smaller Marine Corps
base outfall. Reef-flat
sites referred to in the

‘paper are indicated e .

General patterns .of tide/
wind driven circulation are
also indicated.

TABLE 1. General information relating to Kaneohe Bay

Kaneohe Bay
reef-flat area
lagoon area

total area

water volume
flushing time

Water-shed
: area

average rainfall

Freshwater input to bay

9km?2
19km?

270x10

at average depth 1m
at average depth 15m

6m3

approx. 13 days

90km2

6m y—3*

1.7m y-2
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The concentration of both phytoplankton (as indicated by Chl.a) and of
soluble nutrients as gradients away from the sewage outfall is given in
Table 3.

TABLE 2. Nutrient inputs to Kaneohe Bay in 1977 (mole pér day)

Total dissolved ammonium nitrate total dissolved inorganic

nitrogen nifrogen nitrogen phosphorus phosphorus
Sewage "~ 30000 16000 3300 3000
Streams 7000 5000 320 200

Note: Sewage inputs are continuous and point-source
Stream inputs are episodic and rather diffuse

TABLE 3. Nutrient and phytoplanktén‘ (chlorophyll a) gradients 5
resulting from treated sewage input to Kaneohe Bay, Hawaii in 1977

Site** Avail. nitrogen _-Avail. phosphorus _Chlorophyli>é
: (uM) (uM) (mg m—3)

Oahu

coastal - 0.5-1 0.1 0.1

K (outfall) 4 1.2 10

‘SE 4 0.7 8

L 3 0.6 5

CI 3 0.6 2

C A 2 0.3 0.5

NW ' 1 0.2 0.5

Data after Kinsey (1979), Smith et al (1978).
* A gradient of associated zooplankton was also present.
#%# Site locations are shown in Fig. 3.
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Figure 3 indicates the system metabolic response by 1977 to these
compounded stresses. ‘ ‘

'

10

|

5 km

sewage ‘str‘ess i mmm sediment Stress

FIGORE 3. The effects on benthic community metabolism of sewage and
sediment stress in Kaneohe Bay, Hawaii in 1976-7. Sewage stress in the
form of a generated plankton stream and some residual nutrient enhancement
applies principally south (left) of the central site (C). The sewer
outfall can be considered as the left axis. Sediment stress is most marked
at the northwest site (NW) and in the southeast of the bay. The outer
reefs in the north were subject to little stress of either klnd. Data
after Kinsey (1979, 1985, 1987).

- - - — - ~ Gross diel photosynthetic production (g carbon m—2d—1)
Gross diel respiration (g carbon m—2d-?)
— — — — Net calcification . _ (kg CaCO,m—2yr—1)

The vertical bars indicate the normal range for these metabolic parameters
in hard substrate areas of natural, unperturbed reef flats (Kinsey 1983).

i

It is clear that, even in the central bay where the reef systems appeared
to be reasonably normal, a slight degree of net heterotrophy existed (RDP)
and slight enhancement of metabolic activity had occurred with respect to
the normal levels found in coral reefs. Some algal enhancement occurred
in this area (dominated by Dichtyosphaeria) in response to the slight
enhancement ‘'in nutrient levels. The net heterotrophy was reflected .
visually by slight increases in the populations of filter feeders.
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‘ The influence of sewage input to the Bay was considerable and resulted in
a progressive decline in benthic primary production closer to the source,
with a very great increase in community consumption (respiration).
Calcification of the system also declined. While this latter outcome may,
in part, reflect the direct effect of somewhat elevated nutrient levels
(as previously discussed for the One Tree Island experiments), there was

‘ also pronounced overgrowth of the normal, calcifying reef communities and
framework by particle feeding epifauna and infauna. - This, in turn,
prevented normal maintenance colonisation by coral and algal communities

‘ (the primary producers). A decade or so earlier, the alga Dictyosphaeria
was a major component of the overgrowth community (Banner 1974). By 1977,

heterotrophic communities were dominant. The principal members of these
particle feeding communities were zooanthids, sponges, and barnacles. Very
close to the sewage outfall the community consumption also declined. This
was the result of the complete destruction of the physical substrate
caused by boring, filter-feeding infauna, the activities of which are
clearly indicated by the extremely negative calcification at that site.

The overall effect near the sewer outfall was that the dense populations
of filter feeding epifauna associated with other sites towards the

‘ southern end of the bay (eg sites L and CI) were no longer able to be
| supported by the unstable substrate. A further factor leading to an
unsatisfactory substrate composition in the SE end of the bay was the

continual input of terrigenous sediment.

Overall, with proximity to the sewage outfall, the benthic primary
production declined because of the favouring of particle feeders, the loss
of available substrate, and the reduction in light penetration caused by

sediment and plankton in the water column. The community consumption
increased where available substrate permitted colonisation by particle

_feeders._ . The community calcification declined because of substrate

overgrowth, elevated nutrients, and direct destruction by infaunal borlng."

At the far north end of the bay, on the inshore reefs (NW), it is clear
that the heavy sediment overload in the relative absence of the effect of
sewage input caused a drop in all community metabolism parameters.
However, the system became significantly net autotrophic. This response
indicated a progressive loss of the normal coral communities and
replacement of these with algal communities established on the unstable

sediment surface.

"While the various extreme responses in the southern bay would appear

| superficially to be the direct result of progressive change under the
k——‘—————Infiuence—iﬂl—the—1ﬂnmxmnﬁkx%—ehrenie——s%resses—fﬁL—ﬁa%Pieatsq——sewage——and

sediments, I believe that there is a clear indication that much of the
response evident by 1977 in fact was developed during periods of recovery
| after acute fresh water kills. A large amount of the community shift
occurred since a major surface reef kill in 1965 (Banner 1968, 1974). I
believe that it is true to say that the community structure so well
established by 1977, indicates to a large extent a failure to recover from
the 1965 kill because of the influence of the well established chronic
stresses. This is borne out by the fact that the reef communities in the
southern end of the bay, but below the influence .of the fresh water
overlay in 1965, survived quite well through to 1977 (personal

o - de oot

observations) notwithstanding being subjected to the same chronie stresses

as the reef flats: viz poor light penetration, elevated nutrients, and
organic particle stress.
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Nutrient/sewage loading, with its associated phytoplankton and‘zooplanktbn'
production, . has, therefore, been a chronic stress. At low levels in the '

central bay it has resulted in: increased benthic primary production; a
shift to net heterotrophy; possible slight enhancement in calcification;
and general retention of approximately normal community structure. At
high levels in the southern end of the bay, the effects are .still likely
to have been predominantly chronic and = have been: ' a reduction  in
available light; a substantial decrease in benthic primary produetion’ a
shift to considerable net heterotrophy; . an extreme reduction ‘of

calcification to become negative; a conspicuous shift 'in community

structure towards dominance by heterotrophs and particle feeders; and the
virtual certainty of non-recovery of the natural community after acute
stress. .

Fresh water runoff is most 1likely to have been an acute stress, the '

recovery from which has been prevented by the chronic stresses applying in
recent decades. :

At the end of 1977, sewage was diverted from the southern end of Kaneohe
Bay. Sediment input continued at approximately the 'same levels.
Assimilable nutrient availability was at a substantially elevated but
decreasing level for several Yyears because of release of combined
nutrients from the bay sediments (Smith et al 1981). The. community
response to this decrease in the overall stress was marked.

In the northern bay where the only significant stress was sediment, no
ehanges have been evident.

" In the central bay where the community change in response to the earlier

chronic stresses was not particularly marked, again the changes have not
been particularly evident.

In the southern bay, by 1979, changes in community structure were not
marked though some of the filter feeders, particularly the sponges and
barnacles had died presumably for the obvious reason that particulate
plankton was no longer available in such quantity.  Water clarity had
improved considerably. By 1982 the previously heterotrophic reef flats
had lost most of their filter feeders and the dead substrate of the early
reefs had. become totally covered with an algal population dominated by
reds. By 1985, algal populations had declined. New .corals were in
evidence over all the reef flats with a very high percentage cover in
intermediate areas, (eg sites L and CI), and the initiation of small
colonies even in the dead crumbled substrate of the reef flats adjacent to
the outfall, It was clear at that time that some recovery of all reef
flats in south and central Kaneohe Bay was likely to result from the
diversion of the sewer from the bay. ‘

However, in 1986 another major fresh water kill occurred causing the
destruction of much of the new coral development in the shallow reef flat
areas. There has not yet been time to determine recovery from this event,

“but in view of the clear recovery of the reefs between 1977 and 1985, it

is reasonable to believe that complete recovery of the reef flats to

approximately normal reef community types should occur over: the next
several years.
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SUMMARY

Coral reefs occur naturally in a relatively wide range of nutrient
concentrations. However, the integral community function in reefs which
occur at the more elevated nutrient levels differs from the typical
balanced carbon budget so often described for coral reefs. Such systems
are likely to be net exporters of organic matter notwithstanding the fact
that they may appear to support "normal" community structure.

It seems that reefs may tolerate elevated nutrient levels well above the
natural range for significant periods of time. In this situation the
nutrients impose a chronic stress leaving the reef vulnerable to non-
recovery after an acute event such as a major storm, freshwater inun-
dation, or crown of thorns kill.

Elevated nutrients may cause enhanced benthic primary production (net
autotrophy), or, at higher sustained levels, may cause a heavy phyto-
plankton production resulting in enhanced consumption (particle feeding;
net heterotrophy).

Elevated nutrients will always result in suppressed commuhity
calcification resulting in decreased real growth and structural
maintenance.

Community structure will be resistant to change and may not superficially
reflect the chronic nutrient stress for a long time.

Rate of change in community structure may be dramatically accelerated by
the occurrence of an acute event, the recovery from which will clearly
reflect adaptation to the chronic stress of the elevated nutrient levels. s

Recovery from such community structure modification can occur quite
quickly if the chronic stress is removed and if good larval input is
available.
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EFFECTS OF NUTRIENTS CARRIED BY MAINLAND RUNOFF ON REEFS
OF THE CAIRNS AREA: A RESEARCH PLAN AND PRELIMINARY RESULTS

Cecily Rasmussen

The -ability of corals to record temporal variations iﬁ aspects of
their environment has been well documented. For example, annual and
lunar growth bands, atmospheric 14C and oceanic temperature variations
are all recorded in the coral skeleton (Buddemeier & Kinzie, 1976;
Druffel, 1982; Schneider & Smith, 1982). Work by Isdale (1984) inferred
a strong correlation between summer monsoonal rainfall and mainland
runoff and the intensity, timing and width of yellow-green fluorescent

bands contained within the annual growth bands of the coral skeletor.

The ability of mainland runoff to transport large quantities of terrigen-

ous_material to nearshore reefs has been adequately described. Increased

sedimentation, siltation, turbidity, salinity and temperature fluxes
in coral reefs have been linked to anthropogenic changes of the’adjacent
hinterland (Maragos, 1974; Banner, 1974; Cortes & Risk, 1981). Similarly,
inputs of nutrients into the marine environment have been shown to
have a deleterious effect on marine communities (Maragos, 1974; Banner,

1974; Smith et al, 1977; Mergner, 1981).

Kinsey & Domm (1974) expressed concern that agricultural nutrients

were adversely affecting coral reefs. Data from the experiments designed
to test this hypothesis were re-examined by Kinsey & Davies in 1979.
Calcification and skeletal density of the corals were shown to decrease
with the addition of agricultural fertilizers. Kinsey & Davies were
unable to differentiate between phosphatic and nitrogenous influences,
but expressed a preference for an inverse relationship vetween phosphate
application and rates of calcification. Evidence from laboratory

P Sy

experiments (Simkiss, 1964; Wilbur & Simkiss, 1968; Yamazato, 1970;

Vs
Lambert, 1974) suggests calcification in reef corals and molluscs
can be markedly suppressed by large increases in phosphate levels
in the surrounding water. Reitemeier and Buehrer (1983) studied the
development of <crystal morphology in calcium carbonates following
the addition of various amounts of polyphosphates (one of the forms

of phosphate present in trace amounts in the marine environment) and
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concluded that distorted crystals were formed as the polyphogphaté

solution increased. Numerous chemical elements are incorporated into

the ' coral skelétbn at the  time of ‘deposition.. Strontium analyses

t

of ' skeletal hfégdnite  deposited by reef corals has been fgqnducted

by researchers for many and varied reasons (Odum, 1957; Lpﬁensﬁam,
1963; Keith & Weber, 1965; Milliman, 1967; Schmeider & Smith, 1982;
Muir, '1984). Odum (1957) and Goreau (1961) reported the inability
of corals to discriminate between strontium and calcium during the
process of skeletogenesis. Other studies indicate a slight preférencé

for strontium over calcium in the calcification process (Weber, 1973).

Kinsman (1969) inferred from experimental evidence that reef  cora1
aragoﬁi;e is in equilibrium with seawater as far as strontium is concerned
Experimentally precipitated aragonite indicated strontium incorporation
is .temperature dependent (Kitano et al,' 1971;‘ Houck ‘et al, 1977).
Smith, Buddemeier, Redalje and Houck (i979) .subsequently devised
a strontium—calcium thermometer for use in coral skeletons. . Schneider

and Smith (1982) inveétigafed ‘the use of the. strontium thermometer

as a means of examining temperature records. preserved in the density

bands of maséive'scleractinian corals. A variable was shown to exist
which could not be explained by temperature variations (Schneider
& Smith, 1982). Muir (1984) also investigated the suitability of

using the strontium:calcium thermometer for seawater temperature inter-

pretation. Results from this study indicated the strontium thermometer.

lacked a predictable pattern when external influences operated on

the reef environment. Muir considered that factors affecting the

uptake of strontium could be the influx of periodic water masses from

nearshore rivers and/or  inputs of chemical components into the reefal
environment from anthropogenically altered coastal environs (Muir,

'1984).

Rasmussen (1986) suggested that enhanced ' levels of nutrients from
agricultural fertilizers were being transported to the reefal environment
of the northern Great Barrier Reef as. a component of mainland runoff.
This author further suggested that the increased phosphate flux contained

in this discharge "hindered the ability of coral colonies to dperate

‘at equilibrium, thereby resulting in:




-68-~
a) a decrease in strontium values precipitated into the coral skeleton
b) alterations to the crystal morphology of the coral skeleton
c)' .a decrease in skeletal density; and
d) an increase in skeletal fragility.
Recent research 1in temperate waters has documented the ability of
commercially viable marine products to be reliant on a balanced interplay
between mainland runoff and the marine environment. Alterations to
the terrestrial regime are reflected in fluctuations in organisms

of the marine environment (eg Skreslet, 1986).

Two hypotheses have been proposed that suggest Acanthaster planci

outbreaks are a conséquence of mainland influences. The larval recruit-
ment hypothésis shows that larvae survivorship improves following
lowered salinity and raised temperatures (Lucas, 1973, 1975; Pearson,
1975). ‘While this hypothesis allows for the natural periodicity of

monsoonal . summer rains of the northern Great Barrier Reef, it also

incorporates the proposition that human intervention in the catchments
of mainland rivers significantly alters the amount and intensity of

runoff delivered to the marine environment.

The second hypothesis, developed by Birkeland (1982) follows the larvae
recruitment concept, but emphasises that the marine environment is
altered chemically as well as physically by the input of nutrients

transferred by terrestrial runoff into - the oceanic waters surrounding

n

nearshore coral reefs. Birkeland suggests larval food sources such
as phytoplankton blooms are increased by the addition of 'mainland

derived nutrients, thus promoting survivorship.

Both hypotheses rely on larval survival rates as opposed to a decrease
in predator pressure. However, while these hypotheses relate to the
direct effect of mainland influences on the Crown-of-Thorns starfish,
it is possible that indirect effects are equally important. All organ-

isms, including Acanthaster planci predators will be affected by changes

in the chemical and physical conditions resulting from an influx of

terrestrial products into the marine environment.




I3

H ‘ : . : N 1 q ' " o B0 "
‘ | ooy i 1 | Y FE . . 1 |
! . Ea- : . !

S 1 S

Records of environmental influences contained in the coral skeleton

will allow comparisons to be made between known Acanthaster planci

population fluxes and ‘environmental 'conditions operating 'ét;lthe same

time.

'

This study, therefore, suggests a number of proposals for examining

the hypothesis that the marine environment of the northern Great Barrier

Reef is responding to anthropogenic interference of the nearby mainland.

PROPOSALS

1) Variations in strontium levels precipitated into coral skeletons
may provide an indication of the chemical factors and mechanisms

operating in the marine environment at the time of coral growth.

2) Variations in strontium may provide an indicator of terrestrial

alterations not previously recognized.

- 3) Phosphate levels in oceanic waters ground coral reefs aresufficient

to affect the precipitation of strontium into the coral skeleton.

This change may have a deleterious effect on the corals themselves.

4) Other marine organisms may also be adversely affected,. either
directly or 1indirectly, by anthropogenically enhanced nutrient
levels.  Records extracted from the corals should provide the
temporal link between terrestrial élterations and artificially
induced‘species adaptations of the marine environment, eg Acanthaster

planci infestations.

A programme ‘of‘ research was subsequently devised to test the above

proposals. Selection of Cairns and environs (Fig 1) as d suitable

study site was dictated by three parameters:

1) proximity of the reef to a signifigantiy developed coastal environ-

ment

2)  the influence of a large drainage basin anthropogenically altered

for agricultural purposes
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Figure 1. Barron River Catchment. Water sampling on a_monthly basis
began from sites marked e in February 1986, and from site
marked o in November 1986.
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the location of Green Island, suggested as the possible '1ocatioﬁ‘

of initial Acanthdster planci ‘infestations.

The nature of the problem indicated two main fields of research were

required. Henceé, a marine and a terrestrial programme were instigated.

Terrestrial Environments

I1f enhanced nutrient Llevels in the marine environment are the result

of agricultural practices, then source and method of transport need

investigation. Research methodology, therefore, should . incorporate

a number of components:

1)

2)

3)

4) .

5)

Collection of water samples on a monthly . basis from the Barron

River and .its tributaries, as well as from short flowing streams

of the nearby coastal hinterland (Fig '1). To determine whether
variations in stream nutrient levels can be ascribed to agricultural

NH, and

fertilizers, these will be analysed for POQ, NOé, NOZ" 4

.dissolved silica.

Collection of sediment samples’ from the water sampling sites.

These will be analysed to 'determine the aBility of particular

dissolved chemical species to adsorb to ‘clay and oxy-hydroxide

particles carried as bed load.

pH readings at water sampling sites. Accurate interpretation

of chemical equilibria in the water column is necessary if agricult-
urally induced nutrient levels are to be 5eparated from bidlogical
and geological alterations. '

Collection of rainfall data. These will be correlated with
stream nutrient data as 'a simple means of estihating method of
nutrient’ introduction to the stream .channel, ie overland fLow;

ground water discharge; or combinations of both.

Collection of landuse, and land managéement informaﬁion; . This

would be analysed in conjunction with other data to’ determine

spatial and temporal influences on stream nutrient levels.
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6) Intensive collection of water samples for a one monthly period
from two agriculturally diverse locations. These will be collected
using Gamet Automatic Water Samplers placed at strategic locations

in the pastoral area of the Atherton Tablelands, and one

analysed in the same manner as other water samples, but specifically
to determine whether a dual input of nutrients suggested by Rasmussen
(1986; Fig 2) can be isolated and allocated to particular land
use practices. Timing of this water sampling programme will
be ~determined by the indications from Figure 3, 1ie nutrients.
are reaching the marine environment twice yearly, mid-year (suggested
as a response to sugar cane planting and associated fertilization)
and early summer (suggested as a response to the land management
practice of fertilizing dairy pastures in preparation for the

monsoons).

Marine Environment

hat _ anthropogenically derived enhanced “gggriqgg__lgvels

T concept

are adversely affecting the marine environment requires the programme

of research be divided into five major sectors:
1) The attainment of corals from previous experimental areas such
as the One Tree Reef project undertaken by Kinsey and Domm in

1974,

2) The collection of‘ corals from areas of known anthropogenically

- one
in the sugar cane growing coastal hinterland. These will be
derived elevated nutrient levels. For example, Kaneohe Béy and
the Gulf of Aquaba.
3) The introduction of elevated levels of commercial superphosphate
‘ to Acropora and Porites species of corals grown under laboratory

conditions.

4 To determine whether a decay or cumulative effect operates geograph-
ically within the marine environment (effects which may be related
to distance from input, marine vegetation, eddies, or sewerage

outfall), the removal of coral cores from Porites species of
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corals in a grid pattern radiating out from the mouth of Eﬁe
Barron River and extending as far north and south as financially
possible will be uhdertaken '(Fig 3). A control sample will be
removed from a reefal area sufficiently distant from maiﬁland
influences to be considered uncontaminated by anthropogenic interfer-

ence (eg Myrmidon Reef).

5) Col¥ection' of samples of oceanic water will be undertaken by
the Queensland National Parks and Wildlife Service on a monthly
basis from the entrance to Cairns Harbour across to ‘the Green
Island reef. Further samples will be collected on an intermittent
basis from other reefs visited by Queensland National Parks and
Wildlife Service. Fortnightly water samples will be collected
from Low Isles by the Heﬁd Lighthouse Keeper. A further programme

of collection has recently been planned for Agincourt Reef.

All oceanic water samples will be analysed for similar chemical species
as the terrestrial samples. Correlations will subsequently be sought
with events on the nearby mainland, weather regimes, tourism influx

and dredging.

Corals obtained by the four methods listed above will be analysed
temporally and spatially for variations in chemistry, crystal morphology,
density, célcification, fragility, growth patterns and internal morphol-

ogical characteristics.

Results obtained from this section of the programme will be analysed

in conjunction with the terrestrial programme. The anticipated under-

standing of environmental records located inm the coral skeletom will
then be available for interpretation in conjunction with known Acanthaster

planci biology, ecology, history and geographical distribution.

RESULTS

Watar Samnles

Results presently to hand indicate a strong correlation between raised
stream nutrient levels and rainfall in associated areas with a lag

of approximately one month (Figs 4 & 5). A further correlation exists .




! I ot : ‘ : ”
":":‘i{.' . ! T
~75-" £

‘Sanplng Sttes -

“x February/March

+ + ¥ May/June
p 4 June/July
0 August
Mareeh v 0 Already Sompled

At Green I
S Fitzroy L
¢ $Sudbury Reef

.

Magnetic

Tomsvte{ @ land

Figure 3. Proposed coral coring programme -~ northern Great Barrier Reef
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Increased PO, concentrations corresponding
with decreased rainfall and use of irrigation
as the major source of farm water supply

. (see rainfall pattern Fig 4)

PO4 values: Upper

Barron River, south-
west of Yungaburra

Figure 7.

Increased PO, concentrations corresponding
with onset o?virrigation following the decline
in natural precipitation (see rainfall patterm
Fig 5) '
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between land management practices and enhanced nutrient levels of
the streams. For example, in the Yungaburra, Kairi and Tinaroo areas,
irrigation began as rainfall decreased. This is reflected in the
sudden flushing of nutrients into the associated streams draining
rhese particular areas (Figs 6 & 75. Similarities are also suggested
between  stream nutrient levels, geographical location and landuse
pattérns. .~ For instance, Davies Creek and Clohesy River (Figs 8 &
9) éhare -similar nutrient .peaks, landuse patterns and ;geographical
locations. These signatures are quite distinct to the dairying area

of the Atherton Tablelands (eg Figs 6 & 7).

Experimental Corals

Two species of corals, Acropora formosa and Porites, were selected

for experimentation. ' The ability to use the same Porites sample under

a variety‘ of geomechanical and geochemical techniques has .  provided

researchers with an invaluable tool for unravelling the complexities

of coral records. However, Acropora species of corals provide large

quantities - of coral shingle to the reefal environment. It is also

considered aesthetically pleasing by tourists, hence its commercial
value must not be overlooked. The rapid growth habits of Acropora

formosa determined its experimental suitability.

Acropora formosa and Porites species of corals were grown in aquaria

at the Orpheus Island Research Station. To mimic the marine environment
as near as possible, unfiltered seawater was pumped into the tanks

direct from the reef flat at a rate designed to provide an hourly

turnover of marine water. Shade cloth covered the top and sides of
the tanks to replicate oceanic conditions at a depth of approximately
two metres. Commercial superphosphate of the composition described
in Table 1 was dissolved in filtered seawater and added to the tanks
by a drip system designed to maintain concentration within individual
tanks of 2, 4 and 8 ugA/L PO4. Two tanks remained free of fertilizer
as controls. Alizarin was used as a marker stain to provide a time
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Table 1. Superphosphate Analysis
(weight percent)

Phosphorus"P' (water soluble) = 7.0%
Phosphorus 'P' (Citrate soluble) 1.5%
Phosphorus 'P' (Citrate insoluble) 0.5%

9.0%
Sulphur 'S' as Sulfates : 10.0%
Calcium 'Ca' as Superphosphate 20.0%

Porites species proved difficult to grow in experimental conditions.

Acropora formosa, previously understood to be difficult to maintain

experimentally (pers comm R Babcock; J Oliver) has proven extremely

successful.

The Acropora formosa colonies were harvested on the night of coral

spawning (9 November 1987) at Orpheus Island. Small sections were

removed: from each colony for examination of variance of spawning ability.

Growth—tips - from__the remaining colonies were removed using a diamond

tipped saw, and examined under the Scanning Electron ‘Microscope for
morphological and chemical variations. Plates 1, 2 and 3 indicate
substantial alteration to the internal morphological structure of
the skeleton has occurred. - Skeletal walls have thinned and voids

enlarged considerably with increased ‘addition of PO4.

At present little is known of standard levels of strontium within

Acorpora species of corals. However, although data are only preliminary,

variation exists within the three samples 1indicating decreased levels

of strontium following increased additions of PO4 ' (Table 2).

Coral Cores

Sections from two cores from Low Isles and Maghecic Island were made
available. by Dr Peter 1Isdale, Australian Institute of Marine Science.
These samples were examined using x-radiography to determine annual
growth bands and selected bands analysed using Atomic Absorpcion Spectom-
etry, X-ray Diffraction and Scanning Electron  Probes to determine
possible spatial and temporal variations in miheralogical and chemical

precipitation into the coral cores..
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Growth tip, Acropora formosa, following the addition of 8 ugA/L
PO,. (Magnification x 40) NB Considerable alteration to

skeleton morphology:  a) excessive thinning of internal walls;

Table 2.

and b) increase in size and number of voids

Strontium values, Acropora formosa, following the addition of
controlled levels of PO, to experimental aquaria, Orpheus

Isiandrf—Vaiues—taken—mgd=way—across—t1p—us&ng~Eleetrcn Probe
Analysis
PO4 CONCENTRATION Sr VALUE
Control 7215
4 ugA/L 6820
8 ugA/L 6835

Preliminary data only
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Strontium levels from both cores show a general decline over time,
correlatlng with use of phosphatlc type fertilizers in nearby terrestrial

env1ronments. 0f partlcular 1nterest is: the dlfferent signature emanating

from each .coral core, thus Vestabllshlng the 11nd1v1dua1 alteratlon
of the marine environment sur:oundlng each coral colony rather than

an' overall steady decline in strontium availability. ~ Further, the |

different signatures apparent in each core relate to known environmental
histories of the different geographical -locations of the two coral

colonies.

Geographical variation, hydrolqgical regime -and landuse préctices
of the nearby terrestrial environment plays a significant role in
determining the chemical composition . of thé ‘corals. For example,
it has been argued within this paper that the increased use of superphos-
phate is primarily responsible for a decrease in the amount of strontium
precipitated into the coral skeleton.’ Thus, when PO4 is -added to
the marine. environment via short  runoff streams on a small :islénd
draining pineapple farms (egb Magnetic Island) it would be ‘anticipated

skeletal precipitation would be subjected to different variabies than

‘'PO4 entering the marine environment via a major river draining .a large

catchment subsﬁantially altered for agricultural purposes (ég' Barron
River). This geographical and environmeﬂtal variation is recorded
in coral skeletal material. As is evident in Fig_lo Townsville's 1946
flood served to dilute the amount of P04 normally entering the marine

environment only via a very few short runoff streams or through ground-

water seepage, resulting in a strontium peak during this period

Sewerage discharge from Ross Rlver (Townsville) which replaced fertilizer

as the main source of PO4 in the Magnetic Island region following

gthg decease of pineapple production, is similarly diluted by the heavy

1974 wet season, leading to a further strontium peak at this time.
In contrast, the Barron River catchment responded to the 1974 heavy
wq;"by injecting large quantities of agricultural fertiliéersi into
the  marine environment around Low Isles. The substantial ihcfe;se
in PO4 led to a corresponding decrease in strontiun1‘precipitated‘ into

the coral skeleton during this period (Fig 11). It 1is significant

to note that superphosphate is added to pastures in the Barron River

catchment around October specifically in anticipation of the wet season.
That superphosphate is reaching the rivers following rainfall has

been demonstrated above.
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It would appear that strontium levels (interpreted here as the result
of anthropogenically introduced PO4 into the marine environment) provide
an accurate interpretation of past environmental changes. From an
examination of the Low Isles cores and the known history of sugarcane
farming in the nearby terrestrial hinterland, it is possible to correlate
the environmental history of the area with variations in thg coral
cores. The limited use of phosphatic type fertilizers prior to 1939
corresponds to the anticipated levels of strontium expected in Porites
species of corals as interpreted by Frazer Muir (1984). However,
strontium levels drop with the introduction of phosphatic type fertilizers.
At present it has only been possible to examine' the Low Isles core
at selected temporal intervals. It is considered that examination
on an annual basis will indicate a break in the regression line shown
in Figure 11, corresponding to the introduction of mechanical harvesting
and the subsequent ability to substitute phosphatic-type fertilizers
with increasing amounts of the nitrogen enhancing fertilizers, subsequently
leading to a decrease in PO4 entering the marine environment and a
relative increase of strontium precipitated into the coral skeleton.
Continued and expanding useage of phosphatic type fertilizers for

other agricultural purposes on the Atherton Tablelands will tend to

mar this upward trend, a point which is emphasised by the effects

of the 1974 and 1979 wet seasons on the strontium values of the corals.

The drop in strontium content in 1985 from the Magnetic Island coral
colony 1is presently unaccountable. However; this was the outer limit
of the sample and it may be a peculiarity of the corals. This peculiarity

has also been noted in the Acropora formosa samples grown experimentally

at Orpheus Island, but no explanation is presently possible.

f,

CONCLUSIONS

1) From the results to hand a direct correlation exists between
enhanced 1levels of P04 in the marine environment and strontium

concentrations precipitated into the coral skeleton.

2) Increased nutrient levels in streams of the Barron River catchment

are closely linked to precipitation, landuse and land management

practices.




CHE 3)

&

5)

6)

@

‘into the coral skeleton.’ .

of the coral structure.

‘anthropogenic

A link, therefore, is suggested between land management practices,

enhanced levels.. of nutrients transported via mainland runoff

{

. into  the . marine .environment, - and . strontium . levels precipitated

' ! |

Experiments conducted on Acropora formosa at Orpheus Island indicaté

phosphatic type -fertilizers have a deleterious effect on the
skeletal deposition of the coral colony. At high levels, calcificat-

ion is hindered, altering both the internal and external morphology
theoretically leading to 'increased fragility of the coral colony.
Data extrapolated from the coral cores suggsts the use of strontium

indicate historical

of the

levels precipitated into the corals. to (a)

influences, and (b) 4d4s a monitor present

health and condition of the reef for future management planning.

'

The combined results from the above studies should ‘ultimately
provide an accurate spatial and temporal record of anthropogenically

altered environments within the Great Barrier Reef. This will

subsequently provide a scale against which Acanthaster planci

data may be plotted.

OTHER VARIABLES

It is possible there are other sources of nutrient enhancement not

being examined -in this study, eg nutrient upwelling from oceanic currents;

sewerage discharge into the marine environment.

However, it is antici-

pated that examination of coral cores from a variety of environments

will eliminate many of the confounding variables.

PROPOSED FUTURE RESEARCH

1)

] '

»

'

Acropora formosa samples removed from the experimental tanks

on Orpheus Island during the period of coral spawning are presently
being . examined by Dr B Willis to assess the effects of increased

levels of PO4 on the reproductive cycle of coral colonies.

Thinning of the skeletal walls occurs,




2)

3)
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Acropora formosa samples collected from various cross-shelf locat-

ions, " northern Great Barrier Reef, have been obtained from Dr
J Oliver, These corals will be analysed to determine the relation-

ship between coral fragility and proximity to the mainland.

Experimental corals will again be growﬁ on Orpheus Island.  Rates
of PO4 injection will be altered to include 1.0, 0.6 and 0.4

ugA/L PO4. Intermittent injection at spasmodic controlled

levels will also be included in the experimental programme.

Availability of previous research on Porites species of corals
dictate the suitability of using this species of coral for experi-

mental research. Thus, for comparative purposes, every effort

will be made to grow Porites species of corals under experimental -

conditions. Should this prove possible, Porites and Acropora

species will share experimental tanks.
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NUTRIENT HISTORY OF THE GREAT BARRIER REEF AQUARIUM

J Morrissey ' v

Authority

INTRODUCTION

The Coral Reef Tank at the Great Barrier Reef Aquarium which
opened in Townsville in June 1987, provides an ideal system in
which to study nutrient cycling on a coral reef, This paper
describes the nutrient history of the Coral Reef Tank,
highlighting aspects which may be relevant to the management of
nutrient discharge in the Great Barrier Reef Marine Park.

A coral reef has been constructed in a regtangular tank, 38m long
by 17m wide, with a water volume of 2500m~. The tank is
illuminated by sunlight and subject to waves, currents and
potentially tides. The empty tank floor was covered with sand
before addition of carbonate rock to create the reef framework.
After the tank was filled with water, biological stocking began
with representatives of the lowest trophic level and subsequently
‘ organisms from higher trophic levels were added. Currently, the

tank supports a wide range of reef dwellers typical of the &
‘_______Ihe_Coral_Reef_Tank_is_a_closed system_in which water quality is ’

’ Great Barrier Reef Aquarium, Great Barrier Reef Marine Park

central Great Barrier Reef region.

controlled by algal turf scrubbers (Adey, 1983). The tank is
‘ supported by 80m™ of algal turf scrubbers which process the
| entire water volume daily. The recently observed spawning of
‘ several tank inhabitants, including some scleractinian corals,

suggests that the scrubbers are successful in maintaining
acceptable water quality for a coral reef.

METHODS

| Nitrate is regarded as an important dissolved nutrient in the
Coral Reef Tank. It is the principal form of inorganic nitrogen
in the tank, because the ammonia resulting from biological
activity undergoes rapid bacterial conversion via nitrite to
nitrate. Build up of nitrogenous compounds is a common
phenomenon in closed circulation aquaria, and routine monitoring
of nitrate concentration is a prerequisite for maintaining
optimum water quality. Nitrate has been selected to provide a
nutrient history of the Reef Tank.
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Nitrate analyses were performed by standard automated techniques,
folloW1ng the methods of Ryle et al. (1981). Samples were

collected at a frequency of no less than three per week. Water
was filtered through 20um plankton mesh into polyethylene bottles

- and stored frozen untll analy51s

RESULTS.

Nitrate concentration varied widely with time since the tank was
filled with water (Fig. 1). Levels in the incoming seawater were
<0.05uM, The very high initial nitrate concentration (15.9uM).

. was the result of nutrient release from the sand and coral rock

in the tank, and unconditioned algal scrubbers which were unable
to cope w1th the sudden nutrient rise. . The rapid fall in nitrate
coincided with a phytoplankton bloom, after which the water was
discarded removing the excess nutrients from the system in the
form of phytoplankton.
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Figure 1. Variation of nitrate concentration in the
Coral Reef Tank between January and November 1987.
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A similar but lower magnitude nutrient peak (3.6uM) occurred
after the second tank £fill in mid-February. Residual nutrients
from the substrata were again the source of nitrate. A
phyptoplankton bloom similar to the first was prevented by
excluding 90% of incident sunlight from the tank and the algal
scrubbers responded to the elevated nitrate levels by an increase
in productivity. Subsequently, there was a decrease in nitrate
to levels below 0.3uM in a month.

Nitrate concentration remained low as stocking proceeded until
early June when it rose to peak at 5.1uM. This spike was :
attributed to the intense removal of tank algae which were acting
as nutrient cyclers. These tank algae were growing abundantly
over the rock surfaces and were removed because of the negative
influence on tank aesthetics and the damaging effects of detached
algae on the reef benthos. The rapid addition of several field
collections at this time may have also contributed to the
nutrient problem. These events increased the nutrient loading of
the tank at a rate faster than the algal scrubbers could respond,
resulting in a rapid rise of nitrate.

Following this June peak, the operating levels of nitrate were
more temporally variable as the standing stock in the tank
increased. In late October, there was another nutrient spike
which, although smaller in magnitude, is clearly discernable as a
period of elevated nitrate (2.6uM) compared to the preceding and
following periods. This rise in nutrients was associated with
tank construction activity. Installgtion of a water cooling
system necessitated isolation of 400m~ of Reef Tank water for
several days in a holding tank, allowing nutrients to accumulate.

In addition, the accompanying modified circulation resulted in

scouring of sand in the tank releasing interstitial nutrients
into the water.

Coral mortality in the Coral Reef Tank has occurred in two major
episodes. Approximately 20% of the scleractinian corals in the
tank died in June-July. This period corresponded most notably to
a time of elevated nitrate levels and the dying corals were '
almost exclusively pocilloporids and species of Acropora. Many
of the corals which died had been in the tank for several months
and had previously looked healthy. The second episode occurred
in late October-early November when 16% of the corals died.
Individuals from all of the major coral groups were affected,
including some which had survived in the tank for six months.

This October—-November Beriod was characterized initially by high
water temperature (>30°C) and subsequently by elevated nitrate
levels.
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DISCUSSION

Highest rates of coral mortality in the tank occurred at tlmes of
elevated nitrate levels. For the June-July episode of coral
death, nutrients were the only water quality. parameters which

~were abnormal, and mortality -is directly connected with high
nutrients. In October-November, both temperature and nutrients

were above acceptable levels. High temperature is lethal to
corals (Jokiel & Coles, 1977; Glynn, 1984), and corals at their
temperature tolerance limits are more susceptible to stress by
other environmental factors (Coles & Jokiel, 1978). Elevated
seawater temperatures in conjunction with hlgh nutrients are
identified as the cause of the second mortality event.

The n1trate concentrations at which w1despread coral death

‘occurred in the tank were above 2.5uM. This value is a marked

increase over general levels on a coral reef (<luM; Crossland,
1983), but is low compared to concentrations that‘may be expeqted
within the vicinity of a waste water discharge (Bell et al.

1987). Further, the nitrate spikes associated with coraT—death
in the tank were short-term events and higher coral mortality -

~would ensue if elevated nutrients persisted. The tank nitrate

problems caused by the release of nutrients from disturbed
sediment highlight the importance of the sedimentary nutrient
pool and the danger of suspending sediment in a confined or
restricted circulation area. :

.The scleractinian genus Acropora appears to be particularly

sensitive to high nitrate levels in the tank. Adey (1983) also
reported that Caribbean Acropora in a coral reef aquarium were .
more susceptible to disease at high (>5uM) nutrient levels. This
result is significant because Acropora is a very important ‘
component of many coral communities on the Great Barrier Reef.

It is not possible to attribute the observed coral mortality
specifically to nitrate, because elevated nitrate levels in the
tank were accompanied by above normal concentrations of
phosphate. Kinsey & Davies (1979) suggested that high phosphorus
rather than nitrogen would be more detrimental to coral
calcification, although the physiological basis of the
relationship between nutrients and coral growth remains
uncertain

Nevertheless, it is clear from our experiences in the Coral Reef
Tank that the tolerance levels of corals to nitrogen and

phosphorus are relatively low, and that enhanced nutrient levels
in reef waters would have damaging effects on coral communities.
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TOLERANCE OF CORALS TO NUTRIENTS AND RELATED WATER QUALITY CHARACTERISTICS
D W Connell and D W Hawker * - . i oo

School of Australian Environmental Studies
Griffith University, Nathan, Qld. 4111.

SUMMARY

The naturg of eutrophication in aquatic areas is réviewed and the principle
physicqchemicaT’and biolqgical factors involved identified. In broad terms the

~ effects of nutrient enrichment in coral systems are similar to those in other

aquatic areas with some specific unique features which apply to coral systems. -
Utilising the 1imited information available on local waters and coral systems
elsewhere a preliminary set of tolerance levels in ambient waters have been
developed. ‘ | '

INTRODUCTION

The addition of nutrients and associated substances to freshwater areas has,beeﬁ
the subject of intensive investigations over the last 50 years. In Australia,
Wood (1975) carried ouf an overall evaluation of the nature and extent of
nutrient enrichment, often referred to as eutrophication, in Australian inland
waters. Marine and estuarine areas in Australia and overseas are also subject
to nutrient enrichment but have not been as intensively investigated as inland
and freshwater bodies. However 1in many cases these ‘water bodies have been
seriously affected. For example in Australia many of the estuaries along the

‘east coast are adversely affected and overseas the continental shelf off the

north east coast of the United States, the Baltic Sea and the Black Sea are
seriously enriched with nutrients. '

With coral ecosystems only a limited range of data is avai]ablé. However fhe

value of this data can be extended by utilising the basic principles established
on the nature of nutrient enrichment in inland waters. In this paper we will
examine the principal features resulting from nutrient enrichmeht, collate the
existing information available on the interactions with corals and finally
suggest some tdélerance levels for the relationship between nutrients and related

\

water quality characteristics and corals.
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DISCHARGES CAUSING NUTRIENT ENRICHMENT .

A variety of dischafges to aquatic areas result in nutrient enrichment, together .
with associated water quality problems. These discharges can be categorized
broadly as

1. sewage discharges
2. water run-off
3. industrial discharges

Most information is available on sewage discharges since this type of discharge
is more consistent in composition than water run-off and industrial discharges.
These latter two tend to vary in nature with the different situations invoived
but often have a lot of similarities to sewage discharges. Table 1, from
Arthington et al (1982), illustrates the water quality characteristics of
wastewater from secondary sewage treatment plants.

Table 1 - Typical Composition of Secondarily-Treated Sewage Effluent’

Concentration (mg/1) Concentration (mg/1)
Component reported for plants for plants in south-
— - throughout-various east--Queensland l
countries
Suspended solids 20 18 - 23
BOD 12 12 -21
Dissolved oxygen 7.1 -
Temperature 15° -
Chloride - 62 56 - 85
pH 7.5 7.5 - 7.8
Totatmitrogen forms 18—28 $3—~37
. Total phosphorus forms 3.5 - 9.0 5.1 - 7.6
Cu - 0.029 - 0.040
Cd - : 0.003 - 0.007
Cr : : 0.05 -
Hg 0.0013 0.0003 - 0.0007
Zn ' - 0.17 - 0.90
* It should be 'noted that there can be substantial vafiations from these

values depending on such factors as loading on the plant, type of plant,
wastewaters received and so on.
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From considerations of the literature on water quality effects on aquatic

ecosyStems it can. be suggested that suspended solids, BOD, chloride, total
nitrogen forms and total phosphorus forms are’ the most 1ikely substances likely
to’ adverse]y affect water qua11ty and corals.ﬁ Except in spec1a1 circumstances

1these same parameters would be expected to be 1mportant in 1ndustr1a1 discharges.

and water run-off. Chloride is different to the other parameters here n that
the salinity or chloride content, of a discharge may adversely a]ter the

salinity in a coral reef area.
GENERAL BIOLOGICAL EFFECTS OF NUTRIENT ENRICHMENT

As nutrients are added to an aquatic . area over time a gradual "ageing" of the
body can be expected as illustrated in Fﬁgure 1. While this is more typical of
freshwater lakes a somewhat similar process can be expected in coral reef
lagoons and similar semi- enclosed areas. The classes‘oligotrdphic mesotrophic
and eutroph1c have been developed from freshwater lakes and have a related set

‘of physicochemical and biological character1st1cs (Connell and M111er, 1984).

However these terms are often used to describe oceanic and estuarine waters as
well. In these s1tuat1ons different cr1ter1a would be expected to be applicable
but the exact nature of those has not been deve10ped at present.
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Figure.1 . Hypothetical curve of the course of eutrophication in a water body. The broken

lines show the possible course of accelerated eutrophication when enrichment from pollution

occurs.
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Table 2. Measure of eutrophication in a water body

1. Nutrient and associate& ion cohcentrations in the water.
2. Total dissolved solids (specific conductance).

3. Di;so]véd oxygen status. |

4. Standing crop (biomass).

5. Primary production.

6. Production/biomass ratio.

7. Transparency of the water.

8. Species diversity and types present.

9. Lake morphometry.

10. Sediment core analysis.

11. Algal bioassays.

Some of the characteristics used to measure eutrophication in aquatic areas are
shown_in_Table_2 (Connell, 1981). Many of these are applicable to coral reef

systems. Some of the biological and physicochemical changes resulting from
nutrient enrichment are shown in Table 3. It should be kept in mind that many
of these features often exhibit seasonal patterns of variation which must be
considered in making evaluations.

Table 3. Some biological and physicochemical changes which would be expected
to result from nutrient enrichment of an aquatic area

Characteristic Low Enrichment High Enrichment
Total biomass lTow high
Number of species high low
Turbidity low high
Bottom sediments coarse fine
Primary production Tow high
Chlorophyll-a low high

Nutrient salts Tow high
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By 1977, the total sewage effluent volume totalled over 20 000 m
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EFFECTS OF WASTE WATER DISCHARGE IN CORAL REEF ECOSYSTEMS

- .The ﬂhérmfu}l effects “of Sewage‘ are ,re]ated to the _cgpacity of the receiving
: Waters?to.acceptqidi1ute and~disher;evthe'efquenti To some extent, its noxious .
quality 'depends on the degree and extent of priofntreatménf, but' treatment can
_give rise to sewage sludge, which presents disposal problems of its own.

Possibly the most well-known study on the effect of sewage on a coral reéf
community is that of Kaneohe Bay, Hawaii. It is a partially enclosed embayment;

- 12.7 km .long :and 4.3 km broad, with an ocean .frontage of 8.8 km on.the

north-eastern side of the island of Oahu. One portion of the bay was once‘known
as the Coral Gardens, and before 1939, surrounding watersheds were dominated by

rural and agricultural use. Since that time, however, -the surrounding = -

population ;has increased over tenfold, and sewage discharges into the bay
increased, culminating in the construction of large sewage outfalls in the
south-east sector of the bay in 1963 (Smith, 1977; Mardgos, 1985; Banner, 1974).
m day™!, with
95% being discharged into the southern section of the bay. '

Just after the Second World War, the most abundant coral -species were
feportéd to be Porites compressa and Montipora verrucosa. Other corals of
lesser  importance included Pocillopora. damicornis, Fungia scutaria,
Cyphastrea ocellina, Leptastrea bottée, Pavona varians, and the ahermatypic
Tubastrea aurea. Most, if not all, of the above genera are represented in
the waters of the Great Barrier Reef. Available information. for Kaneohe
Bay suggests that the most conspicuous effects of the sewage were in terms
of increased biomass and productivity, together with altered community .
structure (Smith, 1981)..  The sewage discharge was reported not - to have
markedly affected the pH, dissolved oxygen, or BOD in the bay away from the
immediate areas of discharge. The most obvious changes to ‘the once-living
reef areas  were the Toss of almost all living corals from thé south-east
sector of the bay, and the replacement of Tliving corals by the élga_
Dictyosphaeria cavernosa in the central section. The benthic fauna of the
south-east section of the bay saw a dominance of filter and detrital

'feeders such as sponges, sea cucumbers, oysters and clams depending uponl
-suspended organic material in the water. In addition, the bottom sediments

were fine and black, with indications of anaerobic decomposition . taking

place near the surface. The reef flats had massive growthsfof algae: such
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as Acanthophora, Graciliara and Hydroclathrus (but no D. caverndsa). In
many‘ places, the old dead heads of Porites compressa were still present,
though covered with fine sediment, together with sponges and sea cucumbers.
Some coelenterate corals (e.g. Porites compressa) had been found extremely
susceptible to increased phosphate concentrations so it is probable that the
detergent phosphates in sewage effluent played an important role in reducing
coral populations.

Sporadic outbreaks of phytoplankton concentrations known as ‘"red tides"
also became a feature of the bay. Average standing phytoplankton crops, as
measured by chlorophyll a concentrations, increased by a factor of 1.56 in
the south-east section, the site of the sewage outfalls, 0.38 in the middle
bay, and 0.07 in the northern sector.

In 1977, 95% of the sewage that had previohsly been discharged into the
poorly flushed south-east sector (residence time of the order of weeks
(Maragos, 1985)), was diverted to an ocean outfall. This event presented
investigators with the opportunity to confirm that the coral mortality
evident was due primarily to the effects of sewage, and observe the
recovery of the marine ecosystem. Recent surveys have  revealed a

remarkable recovery of corals, especially Porites compressa and Montipora

verrucosa . In contrast, the' alga Dictyosphaeria declined greatly, with
decreases in deeper water appearing to be 1larger than decreases invshallow
water. With sewage diversion, the biomass of both plankton and benthos
decreased rapidly, although benthic biological composition has not yet returned
to pre-sewage conditions, partly because some key organisms are relatively
long-lived and partly because the bay substratum has been perturbed by sewage
input, and acts as a reservoir of nutrients and organic detritus (Smith, 1981).

Localized pollution of coral reef areas at Aqaba on the Red Sea, as a
result of sewage discharge and spillage of phosphate dust during loading of
phosphate mineral onto ships, has also been reported (Walker, 1982).
Effects were studied by comparison of an area nearby a sewage outfall with
a control area some distance away. The region around the outfall had
reduced water visibility, increased algal cover (mainly Ulva lactua and
Enteromorpha clathrata), a corresponding increase in small, grazing
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gastropod moliusca and the sea-hare Aphysia, and a decrease in coral
diversity.  Stylophora pistillata was found to be the only ‘remaining ~coral
specigs; | In the control .area pf:;reef‘ flat, - approximately 50% of the
surface was ‘covered with living coral colonies. These were mainly Favia -
spp., Favites = spp., ‘Poci110pora danae, Seriétopora hystrix and some
Stylophora pistillata. There was only a limited algal presence  observed.

Table 4 provides a summary of a comparison between the sewage - influenced and
control area. ' ‘

Table 4 - Levels of increase of related pafameters from the sewage-influenced
area compared to those from the control area, Gulf of Aquaba (a)

+ Factor Level 1in sewage-influenced area
‘ : - Level in control area

~Rate of coral death 4.7
Density of sea urchins 3.1
Algal biomass 2.2
% Suspended sediment : - 4.3
Phosphate concentration 3.3

(@) From Walker and Ormond, 1982

‘Investigations 1in an adjacent area of the Red Sea by FisheﬁsOn, (1973);

affected by oil spills and phosphate dust spillages,. ‘resultihg in
_‘eutrophication of ~shallow lagoon waters of the coral regioh, revealed much
‘the same trends. Between 1966 and 1972, the average number of total living

coral colonies along a series of 10 m transects fell“from 541 to 195.
Fishelson also found that the bush-]ike‘ micropolypal branching forms, such
as ‘species -of the genera Acropora, Stylophora and Seriatopora, are much

more sensitive to severe eco]ogical conditions than the brain-like macropolypal"
species, .such as those from "the genera Platygyra, Favia, Favites and

-Lobophyltiia.

" Nutrient content is a significant factor in the response of cdralé‘to seawater

conta?ning‘variable'dilutions of treated sewage. In experiments involving a
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treatment plant utilizing raw sewage from metropolitan Miami, Florida, effluents
werev produced over a wide range of qualities using primary (filtered raw
sewage), secondary (activated sludge) and tertiary (alum precipitated)
treatments. Corals and other reef biota were maintained in an array of 350 1
seawater tanks, and exposed to a continuous flow of effluents at each of the
treatment steps, with and without chlorination, at dilutions with seawater of

1:30, 1:100 and 1:300. Preliminary results using the reef corals Montastrea
cavernosa, Montastrea annularis and Dichocoenia stokesii as test specimens

indicated that nutrient loading had the most pronounced effect on reef corals.
Certain treatments and effluent concentrations greatly enhanced the growth of
algae at the expense of coral. Coral morbidity and mortality under those
experimental conditions were thought not to be directly related to effluent
toxicity, but the result of competition with algae for space, and especially
light (Marszalek, 1981(a)).

Table 5. Summary of physicochemical and piological effects of sewage
wastewater on coral systems

Characteristic Change with increasing
enrichment
biomass o . increase o __ -
primary production increase
coral numbers decrease with Porites compressa

among the most sensitive;
numbers effective zero in
extreme situations

chlorophyli-a large increase
filter and detritus feeders large increase
benthic algae large increase
sediments medium size low in organic

matter to fine-and-high—in

LA S T R N

organic matter

sediment redox potential high, with high dissolved
oxygen in the interstital water,
to patches with low oxygen and
some anaerobic areas

water characteristics pH, DO, BOD, little affected
turbidity increase
occurrence of blooms large increase
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Overall, the immediate effect of sewage input into coral reef systems woq1d
appear to be enhanced nutrient 1evels and sedimentation rates. Subsequent
effects 1n¢1ude increased pr1mary product1on and poss1b1y decreased oxygen

;1eve1s; : Because of narrow env1ronmenta1 tolerances and 1mmob111ty, cora]s
are generally the most’ sen51t1ve organisms in coral reef ecosystems to pollut1on

1nc3ud1ng sewage. Table 5 presents. a summary of .the physicochemical and
biological effects of nutrient enrichment on coral systems. |

WATER QUALITY ASPECTS OF NUTRIENT ENRICHMENT

‘Investigations concerning response of nutrient levels to sewage diversion

in Kaneohe Bay are useful in assessing effects on reef systems. Pfe- and
post-diversion levels for various forms of nitrogen and phosphorous are in

ammonium concentrations, but an increase in dissolved organic nitrogen.

Table 6 - Pre- and post sewage diversion nutrient Tevels in Kaneohe Bay

(ug at 171)(2)
Sector ' North-west { Central | South-east Ocean

Dissolved inorganic nitrogen
Nitrate and nitrite Pre 0.53 . .0.33 0.38 . 0.14
‘ o Post 0.66 0.27 0.27
Ammonium Pre 0.57 0.60 0.77 - 0.47

: . Post 0.43 0.38 0.51
Dissalved organic Pre 4.4 4.50 5.4 4.5
nitrogen Post 5.1 5.7 6.2
‘Particulate nitrogen Pre 2.04 2.28 4.04 0.44

Post 1.55 1.81 2.86 :
Total nitrogen Pre 7.5 7.7 10.6 5.6
Post 7.7 8.2 9.8

Dissolved inorganic Pre 0.23 0.26 0.48 0.13
phosphorous . Post 0.11 0.09 0.15 -
Dissolved organic Pre 0.27 0.30 0.33 0.30
phospharous Post 0.15 0.19 0.24 .
Particulate ~ Pre 0.08 0.09 - 0.20 0.01
phosphorous Post 0.05 0.06 0.13
Total phosphorous Pre 0.58 0.65 1.01 0.44

: ‘ Post 0.31 0.34 0.52

' (@) £rom smith et al., 1981

" Table 6. .Results show decreases in nitrate plus nitrite, 'phosphorous and .
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Post-diversion dissolved organic nitrogen levels are only slightly elevated over
quoted oceanic values, while the reverse is true for dissolved organic
phosphorous Tevels. On the basis of Table 6, it would seem that total
phosphorous and nitrogen Jlevels about twice background 1levels can cause
phytoplankton growth and coral death. Levels greater than this result in
massive coral mortality (Smith, et al 1981).

A study of the phytoplankton community and water column chemistry in the
bay, before and after sewage diversion, has shown that changes in total
nutrient concentrations in the water cannot be accurately predicted without
taking into account water-benthos interactions. The return towards oligotrophy
of the system is relatively slow because of nutrient cycling between the

sediments, benthic organisms and the overlying water.

The principal stresses on a reef community as a result of sewage discharges
appear to result from elevated concentrations of plankton in the water. Thus
various measures of plankton concentration such as chlorophyll a or adenosine
triphosphate (ATP) levels may be more relevant towards judging the ecological
impact of sewage than are inorganic nutrient concentrations.

In areas of the Red Sea near Agaba where coral mortality due to the effects of
sewage and phosphate pollution have been recorded, and phosphate levels (0.96 Hg
at ) were found to be over three times greater than in control 1levels
(0.26 Hg at 1 1). Increases of nutrient concentrations, particularly phosphate,
in this case by a factor of 3 over background levels, result in severe coral

mortality (Walker, 1982).

vels.
L~

A

Thus it can be suggested that nutrient enrichment of coral reef communities ‘

say up to twice background levels, primary prdduction of benthic algae is.
enhanced.

Extremely high nutrient inputs causing levels three or more times normal
exert additional. stress on reef-building organisms by promoting
sedimentation and toxicity. High nutrient 1loading enhances planktonic

primary production and leads to increased sedimentation of organic
material.
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The process of sedimentation also constitutes a significant stress on coral
reef ecosystems. Sediment .can: arise from sources such as terrestrial

, runoff; dkedging and séwage; ~ Suspended solidé in ,receiQing waters for :
_'sewage discharges originate ‘from three sources: particles contained in .
‘effluents, particulate organic matter produced by nutrient enrichment, and

natural seston.. The .relative importance of these depends on Zwastewate(
treatment levels. This paper will not address this aspect since it will be
covered in other papers. -

TOLERANCE OF CORALS TO NUTRIENT ENRICHMENT AND RELATED WATER QUALITY
CHARACTERISTICS

Based on the work described previouslytit seems 1ikely that nutrient levels
(particu]arly‘ total phosphorous) elevated to two or three times the normal
ambient 'levels' can cause increased primary production and biomass in both."
phytoplankton and benthic algal populations, affecting coral nutrition, growth
and; ultimately, survival. Enhancement of nutrient levels by sewage discharges
by a factor of 3 or more would appear to constitute a significant anthropogenic
stress on coral reef communities. Therefore, enhanced nurientl(njtrogen and
phosphorous) -concentrations can be used as an indication of detrimental effects
of discharge, and as a preliminary estimate, levels should not exceed three
times the normal (pre-discharge) levels. ‘ '

Domestic sewage waste usually contains degradable organic materials derived from

faecal and food wastes which require dissolved oxygen for efficient biological
degradation. Receiving waters can therefore be severely depleted in oxygen,
causing mortality to many sessile mafine organims. Biochemical oxygen‘démand
(BOD) is a commonly used criterion of effluent quality, and also suggests itself
as a parameter whiéh may be useful in assessing tolerances to sewage effiuent.
Although, in some instances, 1increasing BOD levels can be correlated with
increasing stress symptoms on coral reef communities often there 1is no
relationship. For example, studies in Kaneohe Bay showed that sewage discharge
had not markedly affected dissolved oxygen or BOD outside the 1mmediate’areas of
discharge, yet there was significant coral mortality away from the outfall
(Banner, 1974). . |
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The principal stresses on a coral reef community as a direct result of sewage
discharge result largely from increased attached algal growth, 1localized
dissolved oxygen depletion and in some cases elevated concentrations of plankton
in the water. Where the latter factor is important varous measures of seston
concentration may be the most ecologically appropriate and significant
indicators of sewage impact, rather than inorganic nutrient levels. Based on
jnvestigations in Kaneohe Bay, Hawaii, Laws and Redalje (1979) ranked water
quality parameters according to sensitivity toward eutrophication is shown in
Table 7. The most sensitive indicator was chlorophyll a concentration, followed

Table 7. Relative sensitivity of water quality parameters as indicators of
eutrophication in Kaneohe Bay(a)

Most sensitive: Chlorophyll a
Sensitive: Inorganic phosphorous
Particulate nitrogen

Adenosine triphosphate

Insensitive: Secchi disc depth
Particulate organic carbon

Very insensitive: Particulate inorganic carbon
Ammonium
Inorganic nitrogen
Nitrate and nitrite

<a)From Laws and Redalje, 1979

by inorganic phosphorous, particulate nitrogen and adenosine triphosphate (ATP)

levels
¥ AL ™ 2

&
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To assess the effects of eutrophication ~from sewage waste on hermatypic

reef-building corals, 14 environmental variables were monitored along a transect
of seven locations off the west coast of Barbados. The physicochemical and
biological data indicate that an environmental gradient away from the primary
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Montastrea ahnu]aris, a principal reef-builder measured alond this gradient, |

exhibited high correlation with a number of water 'qdality variables. Mean .

‘suspended part1cu1ate matter and volat11e part1cu1ate matter concentratlons were
vthe strongest est1mators of growth rates, followed by chlorophyll a and BOD.

The hlghest chlorophy]l a concentrations occurred at stations of f Bridgetown
(which is served by activated sludge treatment plants) and tourist resorts,‘w1th
a gradual decrease away from these sites. Volatile particulate matter
concentrations and BOD levels showed a similar trend. However, dissolved‘okygen,
levels were relatively constant, pdssib]y due to efficient flushing 'and
circulation.

Table 8. Regressioh equations for predicting coral growth rates
(Y in cm yr'l) from water quality variables(a) using
transformed (log (X + 1)) data.-

Suspended partfcu]ate‘matter log Y = - 0.638 1og SPM + 0.760 r2 = 0.7§
{mg 1'1) :
Volatile particulate matter ‘ log Y = - 0.340 log VPM + 1.670 r2 = 0;79;
(mg 17%) | o |
Chlorobhyll a (mg m'3) log Y = - 0.863 log CHL + 0.452 2 0.75
BOD (me 1'1) ‘ . log Y = - 1.368 1og BOD + 0.611 r2 - 0.72
Sediment organic_ebntent (%) log Y = - 0.169 Tog ORG + 0.367 r2 = 0.63
Surface i]lumieation (%) . Tog Y = 0.619 log ILL‘?‘0.701.. r2 = 0.56

: Inorganic phosehate log ¥ = - 1;940 log PO4 + 0.335 r2 = 0.51

Ammohium, Nitrate and Nitrite, Temperature, Salinity and Current
Velocity ail had ré < 0.48

(a)Tomascik and Sander, 1985.

Among the inorganic nutrients,. phosphate‘ showed the strongest negativé 
relationship with growth,’ followed by ammonium and nitrate plus nitrite
*concentrat1ons.‘ Table 8 presents linear regressions between transformed average
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coral growth rates and environment variables, where the raw data is transformed
by log (X +1).

The applicability of these equations to other coral reef areas and the
sensitivity of coral to the more important of the parameters was assessed. The
factor increase in concentration for 90%, 50% and 10% decreases in growth was
calculated as in Table 9. Coral is clearly most sensitive to phosphorous and a
90% decrease in growth, probably effective death, is caused by an approximately
three fold increase in concentration in accord with previous investigations.

Table 9. Factor increases over ambient for various proportions of growth

(a)

inhibition with some water quality parameters

% Growth Decrease
Water Quality
Parameter 90 50 10
suspended particular matter X 4.23 X 1.94 X 1.13
chlorophyll a X 4.88 X 2.48 X 1.22
inorganic phosphate | x2.25 X1.61 | X 1.11
concentration

(8) 4erived from the equations in Table 8

It is arbitrary as to what decrease in growth rate constitutes an unacceptable
stress but a 20% decrease is ‘sometimes taken as a threshold level. Using this a

set of tolerance levels for varijous water quality parameters is set out in Table

10. In deriving these, some knowiedge of the appropriate water quality
parameters 1is required. Wolanski (1981) has 'found that total suspended
particulate concentration along a cross-shelf transect from Cape Ferguson to
Keeper Reef varied from 15 mg 1'1 inshore to 3 mg 1’1 at the mid-shelf Keeper
Reef, assuming a particulate density of 1.5 g cm"3. These levels were
determined in mid-July, however, and it is 1likely that there is considerable
variability during the year, with large increases inshore during the rainy

season. The coral communities that exist across the shelf (i.e. outer shelf,
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mid-shelf, fringing and inner shelf reefs) are all adapted to existenée‘vih
environments of differing water qualities. For example, inner shelf reefs would

‘be dominated by species capable of survival .in turbid waters and efficient at!
- sediment removal (Done, '1982). Based on this, and Wolanski's 'déta, it is

suggested that suspended matter concentrations not to be exceeded for any
extended- periods on mid-shelf and outer shelf locations be 3 x 1.28 or

3.85 mg 1'; (3.85 ppm). It should be noted that these values are based on
limited data, and do not take into account natural temporal variation. lMore
appropriate levels might be set by consideration of mean annual suspended solids
concentrat1on. '

Chlorophyll a surface concentrations in local waters seem to be about
0.4 mg m'3, compared to 0.13 mg m™3 in the Coral Sea (Andrews, 1982 andv1983;
Ikeda, 1979). Again, values vary throughout the year, with a minimum in winter
and generally higher concentrations inshore, (Wo]anski,_ 1981). Assuming a

‘y mean level of 0.4 mg m'3, the maximum tolerable long-term concentration would be

1.48 x 0.4 or 0.59 mg m 3. It is stressed however, that local variations of
chlorophyll need to be determined before this parameter can be used, and that it
may not be appropriate in all cases. There is little information available on
background BOD levels in waters surrounding tourist facilities, since it is a
parameter primarily associated with sewage effluent and is often only measured
after discharge has commenced. Based on Barbadian water, the threshold for BOD
levels is 1.19 x 0.71 or 0.84 mg 171, Both chlorophyll a and BOD would appear
to be sensitive indications of eutrophication, particulariy where receiving

waters are partially enclosed, and ciruclation relatively poor.

For inorganic nutrients, average phosphate concentrations in local reef areas
appear to be approximately 0.2 ug at 1'1 (Kinsey, 1979; Andrews, 1983, while

NH4+ and N03',+ NOZ“ concentrations average 0.17 and 0.34 ug at 17!

respectively. Tolerance limits then are 0.25, 0.65 and 1.31 ug at 1"1 From
this data, nitrogen levels are relatively poor 1nd1cators of eutroph1cat1on, as
also found by Laws (1979). ' |

As a caveat, it should be remembered that these calculated tolerance limits are

derived using data from one Barbadian coral genus (also present on the Great

‘Barrier Reef), an arbitrary stress limit, and limited local water quality
“information. ‘ Improved 11m1t definition could be obtained by more extensive

biological, chemical and physical investigations of local waters.
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CONCLUSIONS

The derived long-term tolerance levels in ambient water below which minimal
disruption to coral communities should occur are summarized in Tabie 10. The
waste discharges considered are those effluents consisting principally of sewage
although the ambient levels are probably applicable irrespective of source.
These levels are conservative ones, since synergistic or additive deleterious
effects are possible, but difficult to quantitate. It is also difficult to
gauge the effects of natural stresses such as turbidity, temperature, salinity,
borers and Aéanthaster planci to coral ecosystems already stressed by waste

discharges.

Table 10. Summary of derived coral maximum tolerance levels in ambient water(a)

Water Quality % increase over Quantitative estimate of
Characteristic ambient levels tolerance levels
Suspended material 28 3.85 mg 171
Sedimentation rate 30 mg em™2 day'1
BOD 19 0.84 mg 17!
Chlorophyll a 48 0.59 mg m™3
PO, 3" 23 0.25 pg at 17} o
NH,* 285 0.65 pg at 171
INOZ_ and NO;~ 285 1.31 yg at 171

(a)derived on the basis of a tolerance of 20% grthh decrease
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HONITORING TREATMENT AND MANAGEMENT OF NUTRIENTS IN WASTEWATER DISCHARGES
TO THE GBRHP
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SUHHARY

Runoff and sewage discharges from tourist resorts can cause serious adverse
impacts on coral reef communities. These impacts result from both the
contaminants contained in the discharges and from the freshwater carrier.
itself. Of the many components of sewage, the nutrients nitrogen and
phosphorus appear to cause the most severe adverse impacts. The main
effects of nutrients on corals appear to be indirect. The higher nutrient
levels result in increased algal growth which can ultimately lead to
complete destruction of the delicately balanced coral reef ecosystem. The
available evidence implies that denitrification and phosphorus removal are
necessary treatment requirements if acceptable levels (after dilution) of
these components are to be achieved in the different microenvironments
within the discharge region. A significant effort is required to gather
the relevant evidence on both the microscale and macroscale effects of
nutrients in the GBRMP.

INTRODUCTION

Corals have the ability to thrive in nutrient-poor conditions; Salin
(1983) notes they are like oases ‘in the desert. Biologically, coral reefs.
are among the most diverse and most productive of all natural ecosystems.
Johannes (1972) notes that these reef communities not only provide a vital
source of protein for man but also are a source for a wide range of
pharmacologically active compounds. Coral fringing-reefs, atolls and
barrier-reefs provide protection from the seas for tropical islands and

some continental coastlines and are a valuable tourist resource.

Runoff, groundwater and sewage discharges from tourist developments can
adversely impact on coral reef communities. In order to predict the impact
of such discharges, one needs to be able to define the tolerance levels of
the various contaminants in the discharges. Once derived, these tolerance
levels can be used to evaluate various waste-management options. This
paper summarises such tolerance level data as derived for the Great Barrier
Reef (GBR) Australia (see Bell et al. 1987 for details).  Some available
options for the treatment/dlsposal of waste water discharges are also
discussed.

WASTE DISCHARGE SOURCES AND THEIR IMPACT

The main contaminants in sevage and run-off are listed in Table 1. Typical
concentrations for many of these are given in Tables 2 and 5.

It is noted that in regions with significant rainfall the total annual

contaminant loads from run-off can greatly exceed those from the discharge
of sevage effluent. In this respect it is important to note that: the
freshvater itself needs to be considered ‘as a contaminant, because corals
have a limited tolerance to hyposalaine conditions. The intensity of
run-off events needs also to be considered; one high intensity storm could
effectively destroy a nearby fringing reef. A
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The detrimental effects of sewage, run-off, and even groundwater discharges
have been recognised for sometime (eg. see Pastorok and Bilyard, 1985;
Tomascik and Sander, 1985). Pastorok and Bilyard (1985) note that ’
coral-reef ecosystems are extrenely sensitive to environmental
perturbations and that this high sensitivity is linked to three factors:

(i) corals have narrow physiological tolerance ranges for
environmental conditions '
(ii) the interactions of key reef species eg. algal-coral competition
are susceptible to pollutant stresses
(iii) the effects of toxic substances may be enhanced by the high water
temperatures common in coral reef environments.

The impacts result not only from the contaminants contained in the
discharges but also from the freshwater carrier itself. The effects may be
localised as is usually the case for BOD and freshwater or may be of a
regional nature, as can be the case for nutrients such as nitrogen and
phosphorus. Nutrients can affect corals directly through toxic effects or
indirectly by promoting a eutrophic environment. Available evidence
indicates that many of the impacts associated with waste discharges are
synergistic in nature and it appears that the coral ecosystems are
relatively intolerant to such disturbances. For example the detrimental
impact of a sedimentation load would be magnified if at the same time there
is a significant change in the salinity. Another important point to note
is that not all impacts will be immediately observable. For example
phosphorus levels could be such that decreased calcification rates are @
occurring whereby the coral becomes less structurally sound. A single storm
event following a prolonged elevation of phosphorus could destroy a reef.
Also a combination of increased nutrient levels from continuous waste

discharges with a storm run-off event "(with the associated freshwater; - -———--— - -
turbidity, BOD and nutrient loads) could have disastrous effects. In such

cases the sudden salinity drop and turbidity increase can cause widespread

damage and even mass mortality of existing corals. The main effect of the

nutrients is manifested after the event by promoting the growth of

opportunistic algae. The algae would prevent the otherwise natural

re-establishment of the corals. It is to such a sequence of events that

Smith et al. (1981) attribute much of the destruction in Kaneohe Bay. In

choosing tolerance levels, therefore, it is advisable to take a

conservative approach.

TOLERANCE LEVELS

Tolerance levels for the various contaminants contained in sewage and
run-off have been derived (see Bell et al. 1987 for details). These levels
are given in Table 5. The derivation of these levels was based mainly on
data collected from coral reef-regions around the world and by the use of
procedures recommended by the USEPA for marine waters (Vater Quality
Criteria, 1972). It is stressed that these levels should be used with
extreme caution, they are guidelines only.

NUTRIENTS (N and P)

At high levels nutrients such as phosphorus have been noted to have a
direct toxic effect on corals (Pastorok and Bilyard, 1985). Kinsey and
Davies (1979) conclude from results at Canton Atoll that P-PQ, levels as
lov as 0.6 uM can cause significant (>50%) reduction in the calcification
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rate (and hence growth rate). On the basis of calcification rates alone it

would seem that any significant increase in the average background level -

0.2 UM - 0.3 uM in regions of the GBR such as Lizard Island (see Table 3) :

would lead to signlficant decreases in calc1fication rates SR ‘

' TABLE 1; Direct D;scharge;SourceS'

Source - Main Contaminants
vaste) . Nutrients (eg. N and P)

Surfactants, dispersants
Suspended Solids
Fresh Water (hyposaline)

*Swimming Pools , ‘ Chlorine, algicides,
freshvater
‘*Airconditioning Units Freshwater
- Power Houses - Heated water
‘ ' Algicides, antifouling agents,
hydrocarbons '
*Desalination Plants » Hypersaline water

Heated Water

*Industrial Plant. ‘ : ' Various (eg. hydrocarbons,

heavy metals)

" *Laboratories ‘ Chemicals

Run-off . Fresh water
Suspended solids
Nutrients (eg. N and P)
Herbicides
Pesticides
Biological Wastes (BOD) . .
Hydrocarbons - from roads - )

Sewage (including laundry and kitchen Biological Waste (BOD)
from gardens

* Note all of these wastes are usually disposed of with sewage

TABLE 2 Typical Average compositioﬁ of Urban Run-off

Component ‘ ‘Concentration

BOD5 30 mg/l

Total - P 0.5 mg/1 ‘

Total - N- Z'mg/lx : C : ,

Suspended Solids 100 mg/1
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TABLE 3 Characteristics of Great Barrier Reef Waters

North Shelf

(2)

(3

Lizard Island OQuter Central

(1)

Davies Reef(a) One Tree

(5

Central Edge Across Offshore Lagoon Coral Sea Inside Qutside Reef Off
Reef Reef Reef
Suspended
Particle Matter 6)
(mg1~1) 3.0
PO4-P (uM) 0.22 0.26 0.13 0.13 0.105 0.105
“Total 0.17* 0.15*% 0.99 1.02 0.88*% 0.07%% 0.39%% 0,05%% 7,06 0.31
Inorganic-N
(NOL+NHy ) (uM)
C:N:P
-atomic ratio
in macro-algae
(Aug) 485:45.5:1
Chlorophyll-a
(ugl~1) 0.13 0.39
NOTES: (1) Andrews (1983)
(2) Cresswell and Greig (1978)
- - (3) Crossland and Barmes (1983)
*
NO3 + NO,  Aug (4) Entch et al. (1983)
- - (5) Hatcher and Hatcher (1981)
*k
NO3 + NO, (6) Wolanski et al. (1981)

»

*
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Also, as noted above, corals have the ability: to thrive in nutrient poor
conditions. The long:term addition of relatively small amounts of
nutrients can cause major imbalances in existing coral reef systems by

;affect the coral by interferlng with the complex life processes which
‘normally occur at the coral surface (eg. by competition for light and

nutrients). Planktonic algae also competes for light and nutrients. An
additional problem with the planktonic algae is that they add to the
sedimentation load - this causes additional stress to some coral species
and encourages the growth of benthic filter feeders, which will directly
compete with the corals for space.

It is interesting to note that whereas large outfalls in well flushed (ie.
turbulent) open-coast regions appear to have minimal (at least in the short
term) impact on coral reefs (Pastorok and Bilyard, 1985) small scale
discharges if not effectively flushed can cause severe problems eg.
Johannes (1972) has reported that seepage from a single cesspool serving a
public restroom in Honaunau Bay has brought about the localized
degeneration of the nearby coral community. Benthic (attached) algal
populations were found to be larger than normal in this area, with much of
the coral dead and encrusted. Porites compressa was the coral species
found to be most susceptible to the effects of sewage effluent. The
Porites genus is the major reef-building coral in Hawaii, and is also very
common on the Great Barrier Reef (Domm, 1976).

At this stage the extent of the control that is required for the GBR is
unclear but it is recommended that because the background levels are high
and are in fact at or around levels that would be considered "polluted" in
Barbados or Kaneohe Bay that only small increased in the background levels
be accepted. . Hence levels corresponding to 10% increases in background
P-PO, and inorganic-N are taken as the required tolerance levels. These

. leveis would need to be achieved within the initial dilution zone of a

submarine outfall if it is located in the vicinity of coral reefs.

Increased phytoplankton growth in turn leads to an increase in the
suspended solids concentration and, hence, an increase in the sedimentation
load. Sewage and run-off themselves can both contain a significant load of
suspended materials. The resultant increase in suspended solids can have a
devastating effect on corals. In general the growth of coral is inversely
proportional to the turbidity which is related to the suspended solids
concentration. This due to the light requirements of the zooxanthellae
within the tissue of the reef-building corals. The sediment can indirectly
cause stress in corals by reducing light intensity. Sedimentation also
affects corals directly by deposition on exposed coral tissue. This
sediment must be removed to prevent suffocation, and the effort required by.
the coral to remove the sedlment expends energy If this is excessive the
coral is stressed.

DISPOSAL‘OF.SEVACE DISCHARGES

Table 4 summarises the options available to limit the concentrations of
nutrients entering the GBRMP from tourist developments.
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TABLE 4 Options for Controlling Concentrations of Nutrients in
Wastewater Discharges

DILUTION
TREATMENT - Physical
- Biological
Biological/Chemical
Chemical »

CONTROL AT SOURCE (ie. reduce nutrient entry to waste disposal
system by use of phosphorus free detergents
for example)

Marine Disposal

Sewage from coastal tourist areas is usually disposed of via submarine
outfalls. These outfalls are designed to use the natural processes of the
receiving water to dilute and disperse wastes so that the discharge is
assimilated by the marine ecosystem without significant adverse
environmental effects. This method often incorporates the use of a
diffuser to achieve a localised dilution factor required by the discharge
licence. High capacity ocean outfalls can achieve initial dilutions in the
range 50 - 200. Subsequent dispersion and decay of wastes occur as the
effluent field is transported from the initial discharge zone by the
prevailing currents. The dilution rate available in this secondary

dispersion zone is usually much less than that in the& initialdispersion———- -- -
zone, hence, it is important to achieve as high a dilution as is
practicable in the initial dilution zone.

Required Dilution for Coral Reefs

The required dilution ratio (F) for the various contaminants is readily
calculated from the discharge concentration data, if the background levels
and the tolerance levels are available:

P Cdischarge " Ciolerance

'C- 1 h|
tolerance backgrouna

The required dilution factors for a number of the components of primary
(17), secondary (20) and tertiary (37) treated domestic sewage are given in
Table 5. It can readily be seen that of the major componegts Bog and the
nutrients N and P require by far the highest dilutions (10 10 ?. The
levels of dilution required for phosphorus and nitrogen are particularly
high. It is clear that if the dilution criteria for the nutrients are met
then the criteria for all other components, both major and minor, should
easily be met. However, it is stressed here that such high dilutions are
not normally achieved with Qonventional outfall systems; an initial
dilution of the order of 10° is generally considered as being good.

Theoretically high dilutions of the required orders (103 - 105) could be
achieved with correct (non-conventional) diffuser design if suitable
locations for discharge were available. Basically what is required is that »
a diffuser of sufficient length, located at sufficient depth be used.
Typically, diffusers of lengths 10 - 100 m set at depths of 10 m or more
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.TABLE 5 “Required Dilution Ratios for 1°, 2°, and 3° Treated Sewage for Waters

of the Great Barrier Reef, Australla

 Estimated from Wolansk1 (1981)

C.. . c, x C.. ‘ F
discharge ~tolerance background ;
' Concentration in Sewage ' (%Increase '  Background Requlred Dllutlon Ratios
Contaminant 1° 20 - 30 over back Level : 1° 20 3°
1 . ground) . ; "
Tolerance Level ’
BODS(mgl_l) 300 20 10 0.78 (102)  o.71" 4300 270 130°
NFR(ngl™ ") 300 30 10 3.3 (10%) 3.07 1000 90 20
Inorganic~N %k .
(ugl"l) 50000 20000 2000 15.4 (10%) 14 36000 14000 1400
P-PO, ' . ‘
(ugl'l) 10000 10000 1000 7.5 (10%) 6.8 14000 14000 1400
Chlorine '
(ugl‘l) 700 <700 <700 50 0.0 13 <13 <13
Salinity
(ppt) 1 1 1 30 35 6 6 6
Pesticides ) .
(ngl=1) 1 <1 <1 10 0.0 0 0 0
Heévy Metals
(ugl™l)
Hg 3 <3 <3 0.1 0.0 30 <30 <30
Pb 70 <70 <70 10 <0.06 -6 <6 . <6
Zn 70 <70 <70 20 0.13 2. <2.5  <2.5
Cu 150 <150 <150 1 0.22 190 <190 . <190
Ni ‘50 <50 <50 2 0.11 25 <25 - <25
o * Total oxidiseable nitrogen
** Values for Lizard Island (see Table 3)
+ Barbados value
H
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may be required to achieve adequate initial dilution. The long diffusion ®
lengths imply the use of additional pumping energy to distribute the
discharge stream uniformly along the diffuser.

i}

Control of Phosphorus in Effluent Discharges

The sensitivity of coral ecosystems to increased phosphorus levels requires
extremely large dilution factors for effluents from both primary (17) and
secondary (20) treated sewvage SSee Table 5). Even the required dilution
factor for tertiary treated (37) sewage is an order of magnitude greater
than what is normally achieved with conventional marine outfall systems. To
a large extent the phosphorus concentration in the sewage will determine
the cost of the treatment/disposal system. Hence, it is worth considering
the control of phosphorus at source. It is noted that usually one half the
phosphorus in sewage results from the use of detergents and shampoos.
Considerable cost savings in the disposal of sewage effluent would be
achieved if this source were eliminated by substitution with
phosphorus- free washing materials.

Sewage Sludge Disposal

Due to the fact that sewage sludge tends to concentrate many harmful
constituents (eg. heavy metals, toxic organics, nutrients), discharge of
sludge to the marine environment should never be considered as a disposal
option. Land disposal of sludge on island resorts is currently practised.
However, this disposal option needs to be looked at carefully as there is
potential for this sludge to be a significant source of pollution of the
groundvater, surface water and ultimately marine water.

Reuse/ R'e‘cyc'l'e—o f-Treated Effluent—-—- Tt h ot -0

Most of the tourist islands in Australia now experience some difficulty in
obtaining adequate quantities of good quality water. As the population
increases, possibly by more than 400 per cent over the next 25 years, the
demand for water will similarly increase to more than 1 000 megalitres per
year (Smith, 1985). This growth factor is very much dependent on future
commercial decisions affecting tourist development. With the current rate
of development of resort islands, the need for increased ’fresh water’
supplies is expanding which in turn is increasing the production of
hypersaline effluents from desalination plants. There is some potential for
re-use of waste water on the islands. Techniques and processes are
available to treat waste water to standards which would allow its use for
non-domestic purposes such as garden and lawn watering. However, the
impact of such waters on the groundwater system and consequently the marine
wvater system needs to be evaluated.

Run off

Run-off from developed areas and construction areas can contribute large
loads of suspended solids, nutrients, BOD. and toxic organics (eg.
pesticides and herbicides) in addition to~ the extremely large fresh-water
load itself. Development per se not only tends to increase the quantity of
run-off but also tends to reduce its quality. :

Run-off from island resorts is particularly important due to the potential
impact of the fresh-water itself on the fringing coral reefs. As mentioned
earlier, many coral species are particularly sensitive to low salinity. o
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Run-off is not easily controlled, especially after the development is.
complete. Possible strategies to minimise the impact of run-off depend on

whether the situation represents an existing or a new development.

Existing Developments

Run- off from ex1st1ng developments is an: extremely serious problem as most
developments are located in front of frlnging reefs. This run-off needs to
be diverted to some type of storage area. The water could then be used on
the island or discharged in a controlled manner via submarine outfall so
that sufficient dilution could be achieved. Nutrient removal prior to
discharge may be required.

It is noted that a principal source of nutrients in run-off is fertilizers.
The use of fertilizers should be discouraged.

Future Developments

All future developments should be designed to minimise the impact of
run-off on the fringing reefs. One way to ensure this would be to forbid

- any development near to the fringing reefs. Other factors to be considered

are:

the minimization of disturbances to the existing landscape

the minimization of sealed areas such as roads and parking areas

the use of Australian native shrubs and trees in preference to exotic
plants and lawns - such native plants normally require little or.no
fertilizer; lawns increase run-off and require fertilizer

the use of contouring to divert run-off to storage areas. The storage
areas could be either of a permanent type (eg. dams) or a temporary
nature eg. large low lying land areas from which evaporation would be
enhanced

MANAGEMENT STRATEGY

In proposing a management strategy from nutrient control in the Great
Barrier Reef Marine Park, the following premises are assumed:

* Phosphorus and nitrogen are limiting nutrients in GBRMP for corals.

* Circumstantial evidence implies elevated N and P levels lead to
deleterious effects in reef environment

chronic
(a) direct ™
synergistic

(b) indirect - algal growth

* Uncertainty exists as to critical levels of N and P. These levels will
be known more exactly in future (ca O. 22 uM PO lP) '

* Costs of removing N and P from all wastes are high, especially if very
low levels of P must be achleved .

*x AL management strategy is needed in the short term.

* Enforceable management strategies must include measurable water quality
and waste discharge variables.
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* The GBRMP can be considered as a series of macro'regions (eg.
Whitsunday Passage) and micro regions (eg. Hamilton Island and-
surrounding reef areas)

The major current needs are as follows

* Collection of more data and greater interpretation of existing data
- Gather, coordinate
- Extend
- Standardise

* Development of a flexible Management Strategy

Existing discharge limitations, use of dilution, proper location of

discharge points; probably acceptable in short term but highest
risk.

- Addition of nutrient limitations to discharge streams; more costly,
lower risk.

Addition of water quality criteria to permits; more difficult
(Political, Legislative) but lowest risk.

* Increased educational activity
Existing and new developers : *

Visitors

For macroscale regions (ie GBRMP as a whole or for large regions within),
the current evidence of nutrient induced problems is insufficient for
widespread changes in legislation. There is a need for a Total P budget
over the Marine Park and over specific regions. In addition, there is a
need to bring together and extend existing data to establish background
levels throughout the GBRMP and specific regions. This will require more
sampling and fewer analyses for fewer components.

At the microscale (ie. individual resort or development), a number of
specific recommendations can be made:

* For a limited number of existing developments, establish links between

specificwater—quality parameters—and—reef condition.

* Establish relevant water quality variables in the region of development
relative to background levels away from the development.

* Require water quality within a defined region near a development to be
maintained at some level relative to the background levels. This can be
done by controlling point discharges and controlling run off.

*

Establish the'importance of runoff and groundwater in affecting fringing
reefs.

The management options are summarised in Table 6.
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Macrosystem: . - (1) Control Quantities Entering GBRMP

TABLE 6 Management of Nutrients

(2) ﬂControl Total Quantitles Discharged f
Withln ‘GBRMP ‘

Microsystem: (1) Control of Specific Point Discharges
(2) Control of Non-point Discharges
(3) Control of Water Quality Near Development

Relative to Background Levels away from
Development.

CONCLUSIONS

Run-off and sewage discharges from tourist resorts have the potential to
cause serious adverse impacts on coral-reef communities. The components of
most concern are the nutrients nitrogen (N) and phosphorus (P). The

.available evidence implies that coral reef environments are particularly

sensitive to small increases in the background phosphorus level. This
means that reefs in the vicinity of small discharges and reefs at some
distance from larger discharges can be seriously affected. The available
evidence also implies that denitrification and phosphorus removal are "
necessary treatment requirements if acceptable levels (after dilution) of
these components are to be achieved.

In regions with significant rainfall, efforts need to be made to ensure -
that run-off is not discharged in the vicinity of fringing reefs. Run-off
should preferably be stored and reused, or discharged through a submarine
diffuser. Treatment prior to discharge for the removal of nutrients may be
necessary.
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ALGAL OVERGROWTH- DOES ITiRELATE TO NUTRIENTS FROM TOUR

: VESSELS AND PDNTOONS.

- Reef Blosearch Pty Ltd. P.0. Box 462. MDSSMAN Q; 4873.
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INTRODUCTION.

At the Agincourt Reef complex, 40 miles northeast of Port

Douglas, the two large, fast catamarans, Quicksilver 1 and
Quicksilver 2, visit two permanently moored peontoons situated
at Agincourt 16013-d and at Agincourt 3, bringing with them
up to 290 passengers daily.

Biologists from Reef Biosearch visit the same snorkelling
sites on these reefs daily. In December 1984, it was noticed
by Dr A. Ayling and ourselves that a mustard coloured algae
was appearing in one area and was apparently causing
mortality in some corals.

It was thought that this could be a summer phenomenon which
would die out over winter. However the algae continued to
expand over the cooler months. In July 1987 it was decided to
study the alga in more detail and to examine its distribution
in the Agincourt complex.

METHODS _QOF STUDY

1. Overall distribution.

All backreef areas of the Agincourt complex have been
surveyed using two snorkellers swimming 10 to 20 metres apart
to detect presence or absence of the algae. The total .

‘distance covered using this method is approximately 8 miles.

At sites where the algae is present its distribution has been
mapped. With the use of aerial photographs taken at 5,300'
and 2,500', known features on the reef could be plotted and

' baselines established so the geographical distibution of the

algae could be mapped.

Within areas of algal presence, a series of 4 adjacent 0.25m
by 0.25m guadrats were permanently marked and %4 cover of the
algae was estimated. These gquadrat sites were scattered at
strategic known positions on the distribution map.

2. Benthic Line Transects.
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A series of permanent 20m variable direction benthic line
intercept transects have been established at the two reefs
with moored pontoons. At each, 3 localities each with 3
transects have been set up using fishing line and flagging
tape to mark the exact course of the transect. A total of

bvéoom of transect has been established. Intercepts of all

benthos >lcm is recorded. Corals are identified to species
where possible. Data is collected bimonthly at pontoon sites
and quarterly at the remaining sites

RESULTS.

The Alga- Identification, Methods of Reproduction and
Attachment..

The alga has been tentatively identified by Dr I. Price as
Chrysophaeum taylori with affinities to the Chrysophyta. The
only record the author has found on the alga was when it was
first described in 1941 in the Carribean (Lewis et al, 1941).
It is a unicellular alga which forms colonies 1-6cm in height
of a tubular shape. Its colour is a mustard yellow. The cell
is pear shaped with a base at the neck to which is attached a
group of fine threads. One of the field characteristics of
the alga is its extreme fragility—- the mere waft of a hand is
sufficient to break it into tiny pieces. It is probable that

the threads are an important attachment mechanism at the
cellular level and its fragility merely enhances its
distribution. The alga reproduces asexually by zoospores but
its sexual reproduction has not been recorded.

Microhabitat Preferences.

The algae preferentially attaches to unconsolidated coral

rubble, usually from branching corals. However, when space is
limited by its own high cover it will attach to live branching
corals. The corals that appear to be most readily affected
include-—

L2

1

also be affected (eg: A. cerealis, A. nana, A. nasuta). In

November 1987, the first evidence of algal growth on massive

hihen the aloas i il
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+tho
often appears healthy beneath (no signs of stress or
bleaching). At other times the coral
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There are many;algae'that attach to the dead bases of coral
colonles and some that even grow over 11ve corals, however,
Agxncourt 16013d where the original pontoon has been
stablished for nearly 4 years. These localities are the
Eastern and Western points of the reef. The_algae is
virtually absent from the central backreef area where the
pontoon is sited. It has only been recorded at depths greater
than 3.3m, probably because of its fragility and ‘
susceptibility to wave action. Its presence has been »
confirmed atlSm but the maximum depth for growth has not been

- estabished.

The areas of algal presence expanded considerably from August
to October 1987, beginning as isolated pockets which both
spread outwards at the rate of about 4cm/ month, and
disseminated to form new clumps nearby. One clump 8cm across
was found in November 1987 adJacent to the central pontoon in
an otherwise algal free area.

In the areas of heaviest algal growth, cover of up to 65% has
been recorded using the quadrat method. The second set of
data from the permanent benthic line transects is now due. for
collection and will be very useful in determining temporal
change in algal cover.

Predators.

There are large numbers of roving herbivores in the area
including Scarids (S. rivulatus, S. altipinnus, S. sordidus)
and Acanthurids (A. ﬁgggbgggg[gg) Most observations have

this species.

DI%CUSSIDN.

At present we have insufficient information to determine
whether this particular alga is expanding because of some
"natural" cause, or whether its growth can be related to human

‘use of the reef.

Natural perturbations which could contribute to its expansion
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include cyclical phenomena, El Nino or more likely a
combination of several factors. If the previous distribution
of the alga was not cosmopolitan, perhaps the increase in
international diving tourism has brought algal spores to
Barrier Reef waters and we are seeing the initial stages of
what could be an increasing problem.

If human use of this reef by the pontoon and tour vessels is a
catalyst for this algal overgrowth, it seems likely that
nutrient input may be a key facter. Because of this
possibility, Quicksilver now records daily information
regarding the different categories of nutrient input. This
includes;

1. Food scraps. (Number of buckets of meat scraps entering the
water)

2. Seabird faeces. (Total numbers of birds present on the
pontoons and moored vessels are recorded as the Qucksilver
approaches.)

3. Algal growth on vessel hulls. (This is scrubbed off about
once a week- estimates of dry weight per square meter will be
measuvred.)

4., "Island effect." The pontoon creates an artificial
substrate for algae and other benthos which helps maintain a
large population of browsers (especially Siganus spp and
Xyphosus sp.) This probably helps to concentrate and recycle.
nutrients in the pontoon vicinity. Measurement of faecal
fallout at the pontoon could be used to compare with control
sites. »

S+ Sullage.This is not discharged-at—the—reef;—but—is—pumped——--—-— -
out in the shipping channel 19m SE of the reef site.

Occasionally there 1s a malfuntion in a rubber seal producing

a continuous drip so the outflow pipes are checked twice

daily. ’

If it is nutrients from the pontoon causing algal overgrowth,

an explanation as to why it is densest away from the pontoon

needs to be put forward. 0One possiblity could be current

regimes. Because the reef faces SE, during the SE trades it ‘
has been noticed that eddy systems develop at the East and \
West point of the reef. Possibly these eddies draw water from |
the central section and trap it and any nutrients it holds, in

these areas. Further investigation with the use of drogues or

dyes may be useful in answering this question.

Different species of algae may cause overgrowth on nutrient
rich reefs. The physiological adaptations of the species, its
ability to vegetatively reproduce and its dominance amongst
other species at the commencement of nutrient input may
determine which species will predominate. For example Norman
Reef, where the Hayles catamarans visit, have experienced
comparable algal overgrowth of a different species, however
this may be a short term summer phenomenon.
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A CASE HISTORY FROM TONGA: THE DEGRADATION OF FANGA'UTA LAGOON,
TONGATA :

Leon Zann
Great Barrier Reef Marine Park Authority

INTRODUCTION

The effects of urbanization, changing 1land use, pollution and
overfishing are most apparent on coral reefs of the Third World
nations of the South Pacific and South-East Asia. Australia, the
only developed nation with significant areas of coral reefs, can
learn much about anthropogenic effects on reefs from the
misfortunes of others. -

Fanga’uta Lagoon 1is a shallow, almost enclosed embayment in the
northern coastline of Tongatapu Island, the main island of the
Kingdom of Tonga in the South Pacific (Fig 1.). It was once the
focus of the island; the ancient capital of M’ua lay on its
western shore, and its waters provided shellfish and f£fish,
particularly mullet.

The pressures on the island’s meagre resources have intensified
this century. During the past 80 years Tongatapu’s population has
grown eight fold, to about 60,000. Urbanization has been rapid;
Nuku'’alofa, the modern capital, has grown from 3,000 to 30,000 1in
50 years (Crane, 1979).

Added pressure was placed on the lagoon’'s fisheries to meet the
new urban demand for fresh fish. Traditional subsistence fishing
techniques were replaced by more efficient monofilament gillnets,
arrowhead fish fences, and a trawl fishery for penaeid prawns,
and the use of explosives was common. The <cichlid Tilapia has
also been introduced, possibly competing with native species. The
results of the increased fishing pressure has been dramatic; the
lagoon fisheries virtually collapsed in the mid-1970s (W.
Wilkinson, pers comm.).

Although commercial fishing was banned within the lagoon in 1975
the prohibition has never been strictly enforced. Wwhile the fish
ere placed immediately

outside the entrance where they continued to catch grey mullet
migrating to and from the lagoon.

The general ecology was also greatly disturbed. Much of the
lagoon has shoaled and the <cover of mangroves, seagrasses and
algae has increased. Water quality has declined; storm water
drains and untreated sewage now discharge directly and indirectly
into the lagoon. E. coli levels are high and typhus and other

gastro-intestinal ~diseases are a major health problem in villages
around the lagoon (Ludwig, 1979).
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The following briefly summarizes the major findings of a joint
study of the ecology, hydrography and fisheries of Fanga’uta
Lagoon by the University of the South Pacific and the University
of Hawaii, under the International .Sea Grant Program, in 1981
(zann, Kimmerer and Brock, 6 1982). . = S
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Figure 1. Fanga'’uta Lagoon, Tongatapu
GEOMORPHOLOGY AND GEOGRAPHY

Tongatapu is an uplifted Pliocene/Quaternary coral reef. It lies
on a geologically active zone along the edge of the Fijian and
Pacific plates and has been progressively uplifted and ' tilted  in
very recent geologic time. ' C

About 40km in length, the island is surrounded by fringing coral
reefs. Platform reefs, some with sand cays, lie offshore on a
submerged shelf on the northern side. The lagoon fills a bi-lobed
depression in the centre of the island. ' :

Fanga’'uta Lagoon is about 27 sg.km in area, with a mean depth of
1.4m and a maximum of 6m. The two lobes (Nuku’alofa and Mu’a) are
naturally divided into four sectors (Fig. 1), of which the Pe’a
sector is the shallowest (mean depth 0.8m). The shallow areas are
extremely turbid, as fine bottom sediments are resuspended in
moderate winds. : '
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The main opening consists of a wide intertidal reef flat (+0.2m to
-1.0m datum), bissected by a channel (5.6m deep). The southern
end of this subdivides into several channels which feed the two
major branches.

The lagoon’s watershed of 80 sqg. km supports a human population of
about 40,000. 1In Nuku'alofa which lies along the low northern and
western shores of the lagoon urban planning has been minimal.
Most: sewage discharges into the ocean although the hospital
discharges untreated sewage directly into the shallow Pe’a sector
of Fanga’uta lagoon. Dissolved wastes from domestic septic pits
enter the lagoon via groundwater, or directly during £floods.
Wastes from an industrial estate (warehouses, paint factory, light
manufacturing etc.) and the island’s diesel power station, which
has a <cooling main to the 1lagoon, are potential sources of
pollution. Some leakage of fuel o0il from th power station was
seen during this study. '

About 99% of Tongatapu has been cleared for cultivation, mainly of
copra, taro and bananas and about 40% of farmers regularly use
chemical fertilizers, 23% use insecticides and 26% use fungicides
(Crane, 1979). Although the island lacks streams, agricultural
chemicals may also enter the lagoon via the groundwater. . , .

Although commercial fishing is prohibited - in the lagoon,
subsistence fisheries are still permitted. Major techniques
include gillnetting, 1line and spearfishing, £fish drives, crab
trapping, and gleaning and wading for invertebrates. About 90
outrigger canoes (paopoa) and 40 punts and skiffs were based in
the lagoon in 1981 (Zann, 1982).

ECOLOGY

Coral dominates the benthos of the ocean (northern) entrance to
the lagoon but rapidly declines in diversity and abundance along
the channel (Zann, 1982). Only one species (Porites sp.) persists
into the relatively well flushed Mu'a sector and none are found in
the other sectors (Fig.2). Large areas of dead AcroEora, some
partially standing, and extensive rubble banks at the subtidal
lagoon (southern) end of the entrance indicates that a 1large
scale, and relatively recent disturbance has occurred. Because
there has been little or no subsequent recolonization of Acropora
in this area the problem appears to be a chronic one.

)







