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MAINTAINING WATER QUALITY ON FRINGING REEFS WITH -
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Abstract

It isin the interest of tourist operators and government bodies to maintain water qudity ‘on fringing
reefs and management practices which will maintain water quaity should be implimented. Collecting
and interpreting data on fringing reef hydrodynamics and sedimentation to enable appropriate
management decisons to be made is generdly beyond the capability of individua operators, and very

expensve.

Modelling water circulation in Pioneer Bay, Orpheus Idand shows circulation to be tidd, with bay
flushing rates generdly greater than 90%. The effect of secondary circulation in the lee of headlands
is shown to be important in establishing the nature of the circulation. The modd is then gpplied to a
number of other bays in which resorts are stuated. Methods are presented which may enable Wémer
quaity deterioration to be avoided in resort bays if basic hydrodynamic data are collected, and
appropriate  management practices adopted.

In @Qﬁc'tion

The management of a natura resource such as the Great Barrier Reef involves the manipulation of
that resource so as to optimise its long term vaue to man (Burton, 1983):. The process of resource

management usudly involves the devdopment of an inffoomd or formd management plan.
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Being in’'the zone of influence of land based activity and runoff, problems associated with freshweter
runoff (with associated pollutants) and sedimentation may be important. Tourist development on
continental idands may lead to a number of potentialy damaging Stuations requiring managemern.

The legidative framework

Any atempt to goply scientific findings to management Stuations must consder the inditutiond and
legidative framework which covers the region of interest. In the Great Barier Reef region the
respongbilities of the authorities involved in management are not aways clear.

The Great Barier Reef Marine Park Act 1975 provides for the establishment, control, care and
development of a marine park in the Great Barrier Reef region (Bates, 1983; Audtrdian Environment
Council, 1984). The system of federa government in Audrdia has complicated the adminigtrative

arrangements in relation to the Marine Park (Keleher and Kenchington, 1982). The Gresat Barrier
Reef Marine Park Act gpplies up to low water mark. The mainland and idands are controlled by state
legidation, except where owned by the Commonwedth and this control is extended by the Coasta
Waters (State Title) Act 1980 which vests title to the seabed over the three mile territorid seain the
State, but is subject to the continuing operation of the Great Barrier Marine Park Act (Brazil, 1981).

This dtuation results in an area of uncertainty around idands (including cays) and the mainland coast,
which is of particular importance to the control and management of fringing reefs. Around each idand
isa 3 mile bdt of territorid sea to which State legidation may apply dthough the Great Barrier Reef
Marine Park Act applies to low water mark, even on the mainland-(Brazil, 1981). The management of
fringing reefs and idand resorts (which are frequently established by lease within a Queendand
Nationd Pak (Ogilvie, 1981)), Stuated on high idands within the Marine Park is, therefore,
complicated by this lega uncertainty. A functiona approach (Brazil, 1981) based on consultation and
co-operation which ignores atificid jurisdictiond lines is needed. To this end, the Queendand
Government enacted the Marine Parks Act (1982) which largely mirrors the Great Barrier Reef
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Marine Park Act (1975) providing for the setting apart of tidal |ands and tidal waters as Marine Parks

(Austrdian Environment Council, 1984). Although the jurisdictiond uncertainty remains, the,

cooperative approach adopted by both State and. Federal governments appears to provide some
solution to the legidative complications.

The provisons of the Clean Waters Act 1971-1982 which prohibits the indiscriminate, uncontrolled
dumping or discharge of waste water and other polluting matter, cover GBR waters under date
jurisdiction. The Greet Barier Reef Marine Park Act covers smilar Stuations in areas under its

juridiction.

Both the Commonwedth and Queendand have accepted the’ dedrability of having environmentd
impact assessment procedures to review any developments which may affect the environment., It is
unclear whether environmental impact assessment in the Great Barrier Reef Marine Park comes under
the jurisdiction of the Environment Protection (Impact of Proposals) Act 1974, or provisons of the
Creet Barier Reef Marine Park Act. It is clear, however, that sgnificant developments within the
Marine Park will be subject to review, and that it is likely that any proposa will be reviewed by the
Great Barrier Reef Marine Park Authority. Queendand, however, has adopted adecentralised system
of adminigrative respongbility for environmental impact assessment, with no specific legidation, and
oversght by no .one department. Each depatment is required to assume responsibility for
environmental impact assessment with respect to its area of activities and responsbilities (Audraian
Environment Council,” 1984). Environmenta impact assessment on idands within the Marine Park is
within the control of the State. A pbtentid area of conflict, however, may come from developments
on idands which cause no sgnificant damage to the idand environment, but which transfer damage
to the marine environment. The management of fringing reef environments with particular reference
to resort development must involve the cooperation of federal and date indtitutions, and resort

operators,
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The modelling_process_for management

There are many different approaches to moddling, but dl have the overdl objective to describe the
system accuratdy, while smplifying it so that the modd is subgstantialy less complex than the system
itself. The most basic gpproach is the development of a conceptua mode which may be based on
logic adone or on empirica evidence. The conceptud modd is an essentia prerequisite for further
sudy, being merdly an extenson of the scientific method.

Moded development for both research and management should be based on the most relevant
atributes (or variables) for the particular problem being examined with “irrdlevant, distracting or
unknown attributes’ (Bell, 1983) being excluded. Various parts of the system should be modelled
separately, S0 that as many variables as possible can be diminated where they are not rdevant. The
red world is too complex for practica trestments of complete systems (Bell, 1983). This approach

means that the models developed can be used to answer sbecific"problens with relative esse.

Complete system models, athough useful to and useable by the specidist are not generdly useful to
the environmental manager. It isrecognised that models which are easy to conceptudise, treating few
vaiables a atime, are likely to be less complete than larger models which do not need to gpproximeate

as many variables but the techniques may be used in more Stuations, being easier to use and less
codtly.

The object of al hydrodynamic modelsis to be able to predict the concentration of a substance at al
points and at dl times, this being governed by the way the substance disperses. Solution of the
equation

C=C(x,y,z,t),
where x,y and z are space coordinates and t is instantaneous time is therefore the ided, but no
svailahle, model can wechieve, this, Srwever, mags management ¢onsidarations nnly need

goproximations, which can be achieved by smplification, with the reduction in the number of
dimensons that must be congdered. This is usudly achieved usng spaia and tempord averaging
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techniques. A coastal embayment, Which nbrrﬁdly does not Have unidirectiona Water ﬂdw,- hés ﬁ;.af,ly
advection axes and different rates of digperdon caused by the combination of al forcing mechanisrﬁs
(such as wind, tide, freshwater flow). Condderation of dl dtes within the bay a once is
unnecessarily complex, and not needed for most management gpplications. Consderation of
subsections of the bay system (both tempord and spatia) separately enables the development of
models based on consderation of smple problems rather than on one three dimensiona problem,
which is very difficult to solve The result is a cduger of modds which identify individud
mechanisms but which may be used in any combination, )

The firgt stép in the development of the modd’ clugter is the identificetion of dl fordhg mechanisms,
and the resulting water movements. Simplification of the conceptua modd follows with the removal
of dl mechaniams which have minimd effect. The modds may be developed from theorywhen it is
available, but where systems are poorly understood an empirical approach is necessary. Small scae
experiments are then undertaken to study the effect of each forcing mechanism, at anumber of Stesin
the bay, and a a number of times. Specific questions, such as bay flushing, which necessarily
involve the entire bay, are dso studied by means of separate experiments.

Models are developed within either a Eulerian or Lagrangian reference frame. The Eulerian approach
is most common, with the spatid grid being fixed. The Lagrangian gpproach has a spatid grid which
isfixed to the water, and therefore contracts and expands to follow the water movement. Field Sudies
can be smilarly dassfied, with data collection ether being Eulerian with data being collected a
specified locations; or Lagrangian, with aparcel of water being labelled and followed as it disperses.
Field studies can use both gpproaches concurrently.

The development of models, the direct examination of water movement and the determination of the
behaviour of pollutants often involves the labdlling of a parcd or parcels of water (either naturaly or
atificdly) and following the digperang parcd through time, ether by sampling the labelled parcel or

by measuring concentration at various points on a known grid. A great number of atificid tracers are
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avallable but fluorescent dyes (particularly Rhodamine WT) are generdly the most gppropriate for
management  sudies. Analyss of concentration is achieved usng a filter fluorometer or
spectrofluorometer.  Reviews of the technique can be found elsewhere (Wilson, 1968, Smart and
Laidlaw, 1977; Parnell, 1982, 1984).

The density of fluorescent dye solutions are higher than seawater. The density can be adjusted using
methanol or fresh water to reduce the density to that of seawater, freshwater or to a vaue required to
amulate an injection of a contaminant, and using glycerine to increase dendty. The ability to smulate
an injection of a solution of a particular dengty is particularly useful in the modelling of contaminant
behaviour. The release of dye with a dendty less than that of seawater enables the surface circulation

to be modelled.

The studv location

R0

The idands studied dl lie in the Central Section of the Greet Barrier Reef Marine Park, from Dunk
Idand in the north to the Whitsunday Idands in the South. All study Stes have extensive fringing ©
reef development, and are subject to broadly smilar climatic and tidd influences. Fioneer Bay,

Orpheus Idand (Figure 1) was chosen as the Ste for model development as it was representative of

many of the bays in which resorts are, or potentially may be, located. It demonstrates a number of

features desrable for resort development such as flat land suitable for building, a sandy beach, a

potential water supply, a sheltered anchorage, reasonable access to outer reefs and hills suitable for

walking tracks. Its lee side location, the nature of the reef flat, the offshore depths and the defining

headlands are dso characteristic of bays in which resorts have located. Other Stuations examined

were Hazard Bay on Orpheus Idand, and the resort bays of Hamilton, Long, South Molle and Dunk
Idands.

Pioneer Bay is one of a number of bays on the highly indented western sde of Orpheus Idand, with
a 400m wide reef flat which is completely exposed during spring low tides. The outer band of living ;
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cord is flanked by 100m of rubble with some living colonies. The inner reef flat congsts of fine to
very fine sand and cord debris with some dead microatolls. An area of mangrove is Stuated on the
southern inner reef flat, with isolated specimens esawhere. The beach in the centre of the bay rises
steeply from the reef flat into a dissected vegetated beach ridge sequence about 100m wide. The
northern and southern shores of the Bay are predominantly compaosed of small boulders (10 to 20 cm

in diameter), with consderable accumulations of cord clasts above high tide mark. The catchment of -

Pioneer Bay rises steeply to 156m with Sx smdl ephemerd streams flowing into a depression behind
the bay at each end of the ridge. During periods of heavy rainfal water percolates through the ridge
sequence discharging onto the beach and into the reef flat framework.

Thereef front is highly indented, with the base a 5m below Chart Datum (CD). The sea floor dopes
gently to 15-25 m well offshore. Pioneer Bay is sheltered from the predominant southeast and
esgterly winds. Only for a short period during the summer months when winds have a wederly

component is the bay exposed. Even during such periods, waves are small as the fetch is short due to
the proximity to the mainland. At mogt times of the year the bay is cdm, even during very windy

periods.
Pioneer Bav - Modellin

The generating forces which operate and may cause water movement within Pioneer Bay are
illugtrated in Figure 2. The most important generating forces which must be consdered are wind,
waves and tides. Additiondly, freshwater inflow and hydraulic gradients within the reef framework

must be considered.

The principal tida currents stream across the bay, north on the ebb tide and south on the flood.
Veodities are usualy highest off the southern bayhead. Additionallv, tidal.currents are required to

move water into and out of the bay. The combination of these currents is the most dominant influence

on bay circulation. Representative current diagrams for one ste near the mouth of the bay are in

R
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Figure 3. It is gpparent thet tidd sreaming is out of phase with the tide. With a smilar tidal range

velocities are lower on the ebb tide than on the flood.

A number of tracer studies using fluoroescent dyes were undertaken in order to determine the
circulaion pattern which results from the interaction of forcing mechanisms. The experiments were
carefully designed to give data on velocity and direction of water movement at Sites of interest under &
vaiety of tidd conditions, and to indicate where ‘olcl’water may accumulate.  For much of the
work, Eulerian type data would have been impractica to collect as water velocities are often near the
lower limit of measurement of commonly used current meters, and in order to study circulation at the
smal scae, the number of indruments fieeded Would have been prohibitive. Dye data can, however,
be used to estimate velocity. A generdised circulation,, based on these experiments is illustrated in
Figure 4. Experiments indicated that. there was a zone of accumulation of ‘old water near the

northern beach.

The paticular festure which makes the .bay with a fringing reef different from other coadtd
embayments is the dramatic change in water depth at the reef front. Thereis a generd upwdling at the
reef front indicated a dl stages ‘of tide. There is preferentid upwelling in smal crevices in the reef
front, but there is no evidence of preferentid movement into larger embayments. \;Vater coming off

the reef flat remains near the surface for a considerable distance.

Edimates of flushing are generdly made usang volume exchange models. The term “flushing time’
and its counterpart “residence time’, are used in many ways, but, normaly describes dthér average
resdence time of a particle in the system, or the amount of time it takes to' remove a proportion of the
water or tracer, and are usualy measured in tidd cydes: To determine flushing time for management
the bay extent is defined, and the bay partitioned. Detalled bathymetric andys's enables volume to be
cdculated. Tidd measurements must be made ‘or etimated. An approximation to an even
digtribution of dye over the bay’is achieved by dividing the bay into segments and injecting’' dye as a
dug a the centre of, each segment, the amount of which is proportiond to the segment volume.
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Alternatdly, for the answer to a more specific’ problem, dy€ can be injected at & point, or as aline
source. The results of experiments in Pioneer Bay indicated that 92% of the water in the bay a one

high tide was removed on the average tide, with most of the water remaining being concentrated
dong the northern shore. The tota proportion of dye removed over two tidd cycles was 99.5%.
This indi c&ed that the exponentia model of decay (which is generdly applied to eﬂu&y Stuati ohs)
may gpply to the bay Stuation.

As a comparison bay volume was modelled to determine flushing time Over the period of:‘the bay
flushing experiment, usng an average vaue for high and low water volumes, T (resdence time)=
4.12 tidal cycles. This compares with T= 1.08 established using fluorescent dye. Although the bay
flushing experiment usng dye may dightly underestimate T because some dye will be present below
the minimum detectable limit, it is dearly much less than T predicted using the standard volume
exchange modd. This is because bay circulation is superimposed on the volume exchange required
by the vertica tidal movement. Because much of the water within a bay is stored seaward of the reef
front if the bay did not have well developed circulaion it would have a long residence time
approaching 4.12 tidal cycles for the average tide.

The crculaion in Pioneer’ Bay is a result of many forcing mechanisms and resdud currents
associated with them.  Circulation is predominantly tidal, with the combined effect of eddying in the.
lee of the headlands, and diverging flow caused by tidal streaming againgt the opposing shore causing
flow within the bay to be opposte in direction to flow across the bay. The southern shore is a a
higher incident angle to the tiddl stream than the northern shore’ and this combined ‘with the
requirement to move water into and out of the bay, ensure higher velocities dong the southern shore
than aong the northern shore. At a smdler scae, freshwater inflow, boundary effects and the effects
of topography (particularly at the reef front) cause loca modification to the overal pattern, and cause
differing velodities in the vertical. The effect, of wind for most of the year is minima, but the effect’
for the amdl period of the year when the bay is exposed is unknown.

The movement and digtribution of sediment over the reef flat and offshore can be explained in terms
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of source and the predominant bay circulaion. Most of the sediment on the reef flat has a loca
origin, with sediment from the catchment, and cord and shell fragments from the reef flat and dope
contributing to the offshore sediment facies. The importance of bioturbation to the movement of
sediment through the system was noted.

Modelling investigetions - other bavs

Circulation in bays in which resorts are located (Brammo Bay Dunk I1dand, Happy Bay Long Idand,
Bauer Bay South Molle Idand, Catseye Bay Hamilton Idand and Hazard Bay Orpheus Idand) was
gudied (Figure 5). It was found that the most important factor in determining the nature of the smal
scae hydrodynamics and bay flushing was the nature of secondary circulation established as a result
of the relationship between the ebb and flood tidal streaming and the bay shape.

Happy Bay Long |dand has a similar agpect and tidd Sreaming to Pioneer Bay.  On the ebb tide
strong eddy circulation is developed in the lee of the southern bayhead, but because of the long
northern shore it is not reinforced by water being deflected into the bay at the northern bayhead. On
the flood tide, water moves into the bay from the north, and leaves the bay around the southern
bayhead with only dight eddy circulation dong the northern shore. Similar patterns exist in Brammo
Bay, and in Catseye Bay (except that the tidd streaming is east-west). The extent of eddy circulation
is directly related to the angle the bayheads form with the prevailing tidd stream. The circulétion in
Bauer Bay is complicated by the presence of Mid Molle and North Molle Islands, which has the effect
of lengthening the bay on its western Sde. Again, an eddy circulation is evident, but the primary
mechanism isthe diversgon of water againg the opposing headland, as opposed to the eddying effect
in the lee of a headland. Hazard bay is much less indented than the other bays and the circulaion
within the bay is dominated by the tidd streaming, illustrating the importance of bay shepe on

circulation.

<
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Water audity management problems

The two principd causes of water quality deterioration in the vicinity of resorts are caused by the

impact of wastewater (including freshwater) discharge and associated increases in sediment discharge

onto the reef, and by changes in the hydrodynamics and sediment movement due to engineering
works.

The study bays illustrate a number of these problems. Evidence from Hazard Bay, shows that a
channd across the reef flat, perpendicular to the dominant water flow is trgpping sediment moving
along the coast in both directions. The direction and velocity of flow in the channd is dtered, and
there is potential during periods of high winds for- the remova of substantid quantities of beach

sediment into the channd and off the reef fla. The long term effect of the condruction of a
watersport enclosure in Catseye Bay is as yet uncertain, but there were indications of a change in
sedimentation along the beach and accross the reef flat. The problem of retaining sand on the beach is

illustrated in Bauer Bay, where beach sand is continually being removed and deposited off the reef
flat. In two resort bays subgtantid quantities of St was observed to be flowing onto the reef flat
during periods of heavy rainfdl. This is likely to be a problem in dl bays with resort development
and is potentially damaging to resf communities. It was found that reef flat sediment in resort bays
contained substantialy more terrigenous materia than sediment in Smilar undeveloped bays.

A summary of management techniques

There are a number of techniques which can be used by the non-specidist to assg in the
interpretation of bay hydrodynamics and assgt is management decisons. Idedly information should
be gathered before wastewater discharge or engineering works begin, but the methods described may
assd in minimisng the impact of present Stuations.

Wl designed small scae tracer studies can lead to the understanding of where individua parcels of

water move. If a number of these experiments are conducted, a modd of bay circulation can be

wE
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derived using the data-and basic equations. This can then be used to predict circulation at other Stes

and times.

There are a number of techniques which are available to examine the movement and flushing of
introduced pollutants. The characteritics of atracer can be made to resemble that of a pollutant and
injected at the Site of a potentia outfall as a dug; or continuoudy over a period of time. The effect of
asngle injection can then be measured using concentration data, or by integrating the concentration
curve with respect to time a any Ste of interest, the ultimate or equilibrium concentration &t the site of .-
a continuoudy injected contaminant can be estimated (the superimposition principle). At a larger
scae bay flushing can be estimated using a volume exchange modd (which is likely to giveéa very
consarvative estimate of tota flushing), or by introducing a tracer a a number of points within the
bay in proportion to water volume, and monitoring its removd. If the flushing of a particular
segment of the bay is required, the experiment can be confined to the area of interest.

Sedimentation paiterns can be monitored by examining the potential sources of sediment, and relating
thisto bay circulation. Ve ocities and directions established using tracer data (or modd data) can then
be used to predict sediment distributions, with rates established using sediment transport equations.
The possible effects of increased sediment input or of engineering works can then be examined.

Condusions

The study of bay hydrodynamics involves a cluster of modds (Figure 6). Modds of weater volume
and flushing, and studies of boundary effects, the effect of the change in *topography &t the reef front
on circulation, and the study of other small scae factors such as water movement within the reef
framework, are used to further refine the circulation mode which is derived from a number of well

designed Lagrangian tracer experiments.

Data from a number of lee side fringing reef bays indicates that the nature of bay circulation is
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" determined by &relationship between tidl strealﬁing“ and bay 'mbrpholog;;-f The extent of eddy
circulation is related” to the extent of bay indentation. “Where eddy circulation is established bay
flushing (and hence remova of pollutants) is high. Veocities within bays are varigble and must be,
consdered when changes in sediment supply are envisaged. Once a hydrodynamic mode for the
whole or part of a bay is obtained, the likely impacts of wastewater discharge or engineering work

can be determined.

Although the legidative framework within which management decisons must be made is unclegr, it is
to the benefit of government, resort operators and vigtors that water quaity be maintained. ‘Mgor

dudies are expensve and generaly need to be undertaken by specidist personnel. Although:such
sudies are both ussful and necessary, reasonable qudity information which can be used in many
management Stuations can be obtained inexpensvely by non-specidists usng, Lagrangian tracer
techniques.
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