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6000 

Two large , shallow (2 m) coastal lagoons of south western Australia have bccome eutrophie 
durÎng the las! 20 years. Abundant bcnthic green algac (principally Cladophora aff. albida and 
ChaelomorplU1 spp.) accumulale on the shores o f one and Ihere arc dense phytoplankto n 
blooms of the blue-grecn Nodularia spumigena in the other. The eutrophy is causcd by a grcat 
increase in the input of nut ricnls, cspecially of phosphorus. This comes mainly in drainage 
from coasta! plain soils to which phosphatic fcrt il izers are applied al an average rate of 
20 kg P ha- I. 
Tida[ range is smalt and exchange bctwcen eSluary and ocean is rest ricled ; evaporation is high 
and sa[inity varies seasonalty from 5 to 50 %co ; significant river flow is confincd to about two 
winlcr monl hs (July-August). At this time inorganic nUlrÎent concentrations are high in lagoon 
watcr , but Iow tcmperature and [ow light conditions limit growth of bcnthie a[gac. However, 
diatom b[ooms retain nutrients and they arc reeycled to detrital sediment 10 becomc avai[able 
to bcnthic algac and Nud,daria whcn IcmpcralUTc and lighl arc favuurdblc for Ihl:i r growth in 
summer. 
The most promising method of reducing the eutrophie condition of the eSluary is 10 decrease 
the input of phosphorus by modifyi ng agricultu ral fertilizer practices. This is now being 
investigated. 

Oceanol. Ac/a, 1982. 
SCO R/ IABO/UNESCO. 

Proceedings International Symposiu m on coastal 
Bordeaux, France, 8- [4 Scptember , 1981,313-318. 

Eutrophisation d'un estuaire en Austra lie occidenta le. 

lagoons. 

Deux grandes lagunes côtières, de faible profondeur (2 ml, dans le sud-ouest de l'Aust ralie 
occidentale sont devenues dystrophes au cours des vingt dernières années. us algues ve rtes 
du benthos (principale ment Cladophora aff. albida et CJwetomorpha spp.) s'accumulent sur 
les plages d'une lagu ne; l'autre supporte des floraisons intenses de l'algue bleu-vert Nodu/aria 
spumigena. Cette dystrophie est la conséquence d'une augmentation massive du fl ux e ntrant 
de nut riments, principalement le phosphore. Celui-ci provient du drainage de la plaine côtierc 
qui reçoit environ 20 kg de Plha pa r an d'origine agricole. 
Les marées dans les deux lagunes sont faibles CI les échanges entre l'estuai re et la mer peu 
importants. L'évaporation, par cont re , est très élevée et la salinité va rie suivant les sa isons de 
5 à 50 %co Les rivières coulent seulement pendant deux mois de l'hiver (juillet-août) et bien 
que le niveau des nutriments non o rganiques soit très élevé à cette époque, les températures 
basses et le manque de lumière limitent effectivement la croissa nce des algues du bent hos. Les 
nutriments sont cependant maintenus dans l'écosystè me par la floraison de diatomécs pendant 
cette période, pour être ensuite li~rés au profit des algues en été quand les conditions de 
température et de lumiè re sont plus favorables. 
La méthode la plus efficace pour réduire le niveau d'eutrophisation dans l'estuaire seraÎt de 
diminuer l' influx de phosphore par une modification de la pratique agricole dans la région. A 
l' heure actuelle. celle possibilité est en cours d'investigation. 

Oceallol. Acta. 1982. Actes Symposium International sur les lagunes côtières. 
SCOR/ IABO/ UNESCO , Bordeaux, 8-14 se pte mbre 1981 , 313-3 IB. 
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INTRODUCTION 

The Peel- Harvey estua ry is a large shallow coastal system 
eonnected to the sea by a narrow tidaJ channel (Fig. 1). It 
lies on the west coast of Western Australia at latitude 
32"3O'S, 70 km south of Pert h. The eSluary supports consi­
de rable commercial and amateur fisheries and rishermen 
complained about algae fouling their nets from the carly 
1960s. However. therc is no evidence that the algae reduced 
fis h production and records of commcrcial catchcs indicate 
Ihat, on the eontrary , production increascd until 1979 
(Lcnanton , pers. comm.). 
Complainls about the excessive growth and accumulation of 
green algae on the shorcs bcgan about 1970. The decompo' 
sing algae foui the bcaches and evolve hyd rogen sulphide 
and other offensive gases. The algae also cause destruction 
of marginal vegetation (rushes and trees) both as the direct 
rcsult of the accumulalions and the damage eaused by 
tractors whieh have becn used to eollect and remove algae 
from the shores sinee 1974. 
More recently , the estuary has been subjeet 10 dense blooms 
of Nodularia spumigena in summer, espeeially in Harvey 
ESluary. The consequent deoxygcnation of the water has 
resulted in the disappearanee of fish from the \Vorst affeeted 
areas, sorne mortality of fi sh and erabs, and considerable 
loss to the tourist industry. Collapsc of the Nodu/aria bloom 
in January 1981 was followed by a great increase in the 
abundance of green algae, Ihis time mainly Chaeromorpha 
spp., from March to June. 
AI fjrst sight the excess of green algae in the estuari ne 
waters was an obvious case of eutrophication, however the 
low concentrations of nitrogen and phosphorus found in 
preliminary sampling appeared to be incompatible with this 
conclusion. The investigation which began in 1976 aimcd to 
resolve Ihis discrepaney and to identify the cause of the 
excessive growth and accumulation of algae (Hodgkin el a/. , 
1980). 

"'~!JU"" 

1 

/ 

Figure 1 

., ... ~"~ .. ,.,. 
CLADOPHORA 

/// GROWTH AREAS 

DIMENSIONS 

DtO," dM 
,~," c".~." .. ~ . ' ... M .", ... ~, ..... ., .. ' 
N,~,,, .. ~, ........ ' ...... ,, ~~' " - C.'C ..... N' .. , .. ~, 
..... ~"Nf , . ... "~ . ., " 
~ ... " . .... ''''''' ... ,." .. ".s" "., • 

. !. 

.­--'. ~ 'O 'M' 

GeomorphQlogy of rhe Peel·Uafliq l'smary. 

THE ESTUARINE ENVIRONMENT 

The dimensions and principal features of the estuary arc 
shown in Figure 1. The two lagoons arc shallow throughout, 
only 2 m deep. and Peel Inlet espccially has extensive 
marginal shclves. parts of which arc exposed at extreme low 
watcr. The sediments o f thesc shelves arc medium to fine 
quartz sand, while those of the central basin arc sandy si lty 
mud ( Peel) or grey to black organie mud (Harvey). 
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Figure 2 
The catchmelll of rhe feel·f/arve)' u rl/ary. 

The estuary lies on the Swan Coastal Plain, hcre about 
25 km wide , and rceeives drainage from threc rivers 
(Fig. 2). Two of these , the Serpentine and Harvey rivers, 
derive most of their drainage from the coastat plain white 
flow to the third , the Murray, cornes mainly from the 
Archaean plateau. Flow from the eoastal plain catchment is 
about 20 % of rainfall , but that from the Murray River 
avcragcs 7.6 % (2.0 % in 1979, a year of low rainfall). 
Rainfall and river flow vary greatly, both scasonally and 
between years (Fig. 3). The investigation was made during a 
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Figure 3 TlCE RECORDS 

Ern'jromnemal leOtureS of rhl' Peel·lfan'ey /'Sil/ory. 



Figure 4 

Flushing r~sjJ~nc~ timn in w Pttl-lloTVey ~stuo'y in wulcs. 

period of exceptionally low rainfall and only in 1978 did 
rivcr f10w approach the average. In that ycar 75 % of flow to 
the eSluary came during 10 weeks (Iate June 10 August). 
Astronomie tides have a maximum daily range of 5 cm in 
the lagcons, bcing damped by Ihe narrow inlet channel , 
however Ihc re arc longer pcriod (5 to 15 days) variations in 
water level of about 40 em and thesc generale a significant 
flushing action (Fig. 4 ; Black et al. , 1981). The sali nit y of 
lagcon water varies from 5 ~ in winter to 50 5f., in aUlUmn. 

THE ALGAE 

Cl4dophora afr. afbida (Chlorophyta, Cladophorales) was 
Ihe principal nuisance spcdes during the early pan of the 
investigation. Il is a branching, filamcntous alga that grows 
as small balls, 1-2cm diameler, which roll over Ihe bottom 
or floal to the surface and drift with the wind (McComb et 
al. , 1981). T his was the only algal species studied in detai!. 
Recently ot her algae have bccome abundant and aise 
accumulale on the shores. Chaetomorpha auea and C. 
linum (Chlorophyta, Cladophorales) arc unattached, 
bcnthic, filamenlOus algae which also float in the water and 
at limes form extensive mats on the surface. En~romorpha 
spp. arc sometimes abundant in the shallows. 
Large booms of planktonic dialoms oceur during river f10w 
in winter. The dense summer blcoms (Novembcr 10 
Fcbruary) of the nitrogen-fixing blue-gree n Nodul4ria SpI/­
mige/la (Cyanobacteria) occur mainly in Harvey Estuary, 
but affect Peel Inlct 10 a lesscr extent. Under windy 
conditions Nodularia is weil mixed through the water mass, 
but in calm wealher it float s 10 the surface and is washed up 
on leeward shores whcre il accumulates and decomposes 
rapidly, emitting offensive odours. 
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Figure 5 
1M ~/f«t 0/: (Q) SQfjnity: Qnd (b) ~mfXfOtU" on p/IQwsyntMtk 
fOl~S 01 Cladophora. 
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EUTROPHICATION OF A WESTERN AUSTRALIAN ESTUARY 

CLADOPHORA 
CYCLING 

BIOLOGY AND NtJTRIENT 

Cladophora was found to grow equally wcll throughout the 
greater part of the salinity range expcrienced in the estuary 
(Fig. 5 a, McComb el al., 1981). G rowth is strongly tempe­
ra ture depcndent with maximum growlh rates at the sum­
mer water lemperatures of 2O-3O ·C (Fig. 5 b). Light is 
limiting in winter when bcnthie light levels may bc bclow the 
compensation point , even at the surface of the algal bcd 
(Fig. 6 a). The algal bcd may bc several centimetres thiek 
and ligbt is Inadequate for growlh bclow about 1 cm, even 
when the water is clear in summer (Fig. 6 b) (Gordon et al., 
1980). 
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Expcriments with different nul rient conce ntrations showed 
that, whcn no other factors arc limit ing, levels of at Icast 
0. 1-0.2 mg L- I inorganic nitroge n and 0.02-0.03 mg L- 1 

inorganic phosphorus arc required for maximum growlh 
rates o f Clodophora (Fig. 7 a) (Gordon et af., 1981). The 
minimum tissue concentrations required for maximum 
growth rates, the oc crit ical concentrations ,., were 
21 mg N g- I and 3.2 mg P g- I dry weight (Fig. 7 b ; Birch et 
al. , 1981). 
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Figure 7 
Rda,i",~ growlh ra~s 01 Cladophora: (a) wi,h di//trent 
nutr~nf ronc~ntrQlions in lM ~dium .. and (b) wilh di//tr~nf 
lissll~ nUlri.:nf COl1t;tntrations. 

Figure 8 shows that field popolations of Cl4dophora display 
seasenality in tissue nul rient concentrations and that nitro­
gen Icvels were ge nerally greater than the crit ical concentra­
tion whilst phosphoTUs levcls were generally bclow. Thus 
whilc Cl4dophora was rarely deficient in nitrogen ils growth 
was generally limiled by phosphoTUs. Only following the 
collapsc o f the massive Nodularia blcom in the summer of 
1980--81 wcre tissue phosphorus levels above the critical 
concentration (Birch el al .• 1981). Il is evidenl that there 
was rapid rccycling of nutrients from Nodul4ria 10 Cl4do­
phora and other algac at this time . 
8ccause o f the mobility of Cladophora it was diffieult to 
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Figure 8 
Obstrved û.ssue COIIU /IIralÎOII.$ of: (a) IIÎlrogtll ; alld (b) 
pho.sphorll.s Ît' Cladophora from Petl IlIltl. 

obtain reliable measures of growth rates and biomass under 
field conditions. The results of expcriments with algal 
populmions imprisoned in pcrforated plast ic nasks in Silil 
arc shown in Figure 9 a. Growth rates of simulated popu la· 
tio ns. based on the above experimental data and field 
obselVations of light, tempcrature, and nutrient concentra· 
tions are shown in Figure 9 b. The simulated data were 
generated by computer using a simple mathematical model 
(Hodgkin el al. , 1980). Thesc figures weil illuslrate thc 
marked seasonality of growlh of Cladopliora . 
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Figure 9 
C row/I! olCladophora: (a) imprisoned field popu/alim/$ ; alld 
(b) COmpUlt'f sÎmulaltd papl/laliolls al IWO depllu in Ihe algal 
btd, 

ln winte r, when nutrient levels in the water a rc high 
(Fig. 10) . growth is limited by tempcrature and also by light. 
Whcn waler tempcratures arc favourablc for Cladophora 
growth in summer the phosphorus Icvels in Peel Inle t water 
arc too low (1O·20!-lg L -1) 10 account for the obselVcd 
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growth of the alga. However, the growth habit of the alga 
putS it in contact with the surface sediment , a black anoxic 
ooze that eonsists largely of decomposing algae. Approxi· 
mate P04-P concentrations in the overlying and interstitial 
waler are : 
overlying water 10 ~g L -1 ; 

among living algac 90 ~g L -1 j 

among dceomposing algae 500 ~g L - 1 j 

in Ihc muddy sand 3OO ~gL-I . 
Experimenls wilh 31p have demonstrated that algae take up 
phosphorus from this undcrlyi ng store, the rate depcnding 
greatly on the degree of agitation of the substrate (Table 1 j 
Gabrielson . pers. comm.). 
While it is difficult to determine how mueh phosphorus is 
derived [rom this sediment source under field conditions it is 
clear Ihal . togcther with stored phosphorus from non· 
photosynthetic winter uptake , it is adequate (Q accounl for 
the obselVed growth of Clat/opl!ofQ. 

Tablc 1 
Plrmphatl' fi/IX f(J/e.s from de/rilal sediment ra Cladophora pu m! per 
dll )' (Gilbrie/soti. pers. comm.). 

Mcasurcd raIes using 
still C(lnditions 
stÎrrcd conditions 

This would suppon growth of 
MaK obscrvcd field growth 

Simulatcd maximum 

J: p 

O. )·0.4 mgP 
1.4 mgE' 
0.2·8 gDW 
8 gDW 
- 13 gDW 

PLANT NUTRIEI'IT SOU RCES 

The extreme scasonality of nitrate nitrogen and phosphate 
phosphorus in estuary water (Fig. 10) reflects the season· 
ality of river now and the eonsequcnt nutricnt input to the 
estuary (Fig. Il). More than half the total phosphorus in 
river water is in the inorganic form. The inorganie nutrients 
disappcar from the water rapidly as the resu lt of uptake by 
the diatom blooms (Fig. 10) and probably al50 by floceula· 
tion and adsorbtion by sediments, T he ammonia nit rogen 
data reflect not only river input but al50 decay of the 
Nodularia blooms (Fig. 10). 
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Thcsc Figulcs a lso explai n why the preliminary sn mpling of 
1976, like 1979 a year of very 101.1' rainfall. showed such 
unexpccledly low values of inorganie nutrients in Pee l Inlet. 
11 will bc seen from Figure II that mosl of the river input of 
nitrogen cornes from Ihe Murray River (mainly from Ihe 
plateau) and varies greatly with the volume of flow (a tOlal 
of 1.500 t N in 1978 and 500 1 N in 1979). On the mher hand 
most of the phosphorus cornes from coastal plain drainage • 
about half via the HalVey River ( Birch, 1982). In conse· 
quenee the N: P ratio is almosl always high in Peel Inle t 
wate r (> 16: 1 by 1.1'1) while in Harvey Rive r water il is low 
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Figure 12 
Eslimoled 101lrnlgeS of phQsphorus discharged /Q Ihe Peel-Harvey 
esmary /rom coassaI plain alld plateau ealehn~lIIS ;11 1978. 

(- 4: 1 by wt) and rc mains low in Harvey Estuary watcr 
uni il adj usted by Ihe Nodufaria blooms. Thus while phos­
phorus is the limiling nulrienl for growth of maero-algae in 
Peel Inle t, the low N: P ratio in Harvey ESluary water 
favours the nil rogen-fixi ng Nodufaria, 50 that il is probably 
too phosphorus limited. 
The main externat source o f phosphorus , on whieh algal 
growth is ult imately depcndem, is from agricultural drai­
nage on the coastal plain (Fig. 12). Coasta! plain soils are 
nalurally dcficiem in phosphorus, however mOSI of Ihe area 
is now cleared for agriculture (mainly bcef caule and 
dairying) and phosphorus is applied as superphosphate at 
rates of 15 to 75 kg P ha- I (average 20 kg P ha- I ). In 1978 , 
1,400 tonnes of phosphorus was applied to coastal plain 
ealchmems as fenilizer and in the sa me year 105 tonnes 
entered the est uary from coaSlal plain drainage (Table 2). 
While fenilizer was applied to agricultural land on the 
plateau at similar rates much less was released to drainage , 
probably bccause of heavier soil Iypes and lower rainfat!. 
The input of 120 1 of phosphorus from rivers and drains in 
1978, a year of near average rainfall , was double the 
cstimated net loss to the sea SO that there was a gain to Ihe 
cstuary of about 60 t of phosphorus. The urban population 

Table 2 
A phosplJOrlIs budgel Jor lire l'eel·l1arvey es/Uary: 101l1les of 
plrosphorus. 

Phosphorus applied to ; 1977-78 1978-79 
plateau calchrm.:nI 2,500 2,570 
ooaSlal plain c3tchmenl 1.400 1.400 

l'hosphorus cnlcring cSluary from : 
ri'le rs and dra ins 120 ., 
sea waler ,. 50 

10lal input 170 140 

l'hosphorus nushed 10 the sea "' "' nCI gain 10 the estuary ., 30 

l'hosphorus presenl in estuarinc oompartments (1978) 
watcr Il 
large nlgac 90 
planklon 2-18 
dClrÎ lal sediment 

(top 10em) 260 
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is smaIJ « 15,000) and phosphorus input from this source 
conlTibuleS less Ihan 10 % of total input. 
The use of superphosphate has increased greatly over the 
last 35 years (Fig. 13) and usage is clearly relaled to priee. 
However the input o f phosphorus to the estuary is nOI 
simply relatcd 10 quantity applied 10 the eatchment. Limited 
data from the carly 1950s indicate that the inpui of 
phosphorus in 1953 was only one tenth of tha! in 1978 (years 
of similar rainfall and river now) even though application 
rates werc similar. The reason for the increascd rate of 
rclease to drainage is still not clear and is under funhcr 
investigation. 
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Figure 13 
Superphosphole applied /Q coaslal plaill calChmellls 1943-1981. 
PrÙ;e. adjusted 10 /980 doUars valuu . Eslimoled inpu//o lhe eSlilary 
19$3 and 1978. 

MANAGEMENT 

Reduction of the eutrophic condition o f the estuary c1early 
requires a considerable rcduction in the amount of phospho­
rus available 10 algac. In principal this can he achicvcd by 
one of the following measures : 

1) Redllce the input of phospltoms 
a) by modifying agricullural praetices ; 
b) by inlercepting the phosphorus before it reaches the estuary ; 
c) by divening river flow direct to Ihe sea. 

2) "/crease foss 10 lite seo. 

3) Oepfele the eSlIlary IIU1riem StOre by 
a) harvesting :llgae ; 
b) rcmoving Ihe detrital sediment. 

Of these the first , modifying agricultural renilizef practices, 
appears to be the most likely to achieve a long-term solulion 
to the problem , al least cost. The practicabitity of Ihis 
measurc i5 now bei ng invcsligatcd . 

CONCLUSION 

The excessive growth and accumulation of green algae in 
the Peel-Harvey estuary has been eaused by a great increase 
in nutrienl inpui since the 19505 , especia lly o f phosphorus. 
The eSluary 15 now nutrient enriched , even though inorganic 
nUlrienl concentrations arc genera l1y only high briefly in 
wintcr. Phosphorus is the limiting nutrient most o f the time. 
Pan of the winler input of nUlTicnlS is retaincd in the 
estuary by plankton and flocculation and adsorblion. Su m­
mer growth of algae is dependent on nutrienlS from cellular 
stores accu mulated in winter and releasc from detrital 
nutricnl stores. 
The principal external source of phosphorus is from fen il i­
zer applied to coastal plain soils thal arc oaiurally deficienl 
in this nutrieol. The input of phosphorus 10 the cstuary from 
agricultural drainage was 120 lo nnes in 1978 and the nel loss 
to Ihe sea was cst imated to he only half this figure. with a 
consequenl re tent ion of about 60 tonnes in Ihe estuary. 
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