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SUMMARY 
The recognition of stratification in tropical waterbodies 

poses more probl ems than in the temperate zone. F1 rat, the small 

temperature changes in volved demand careful attention to 

accurate measurements and, second, the large diurnal variation 

must be taken into accou nt. M ost limnologists have, with 

difficulty, adopted various arbitrary criteria based on a finite 

temperature change per unit depth. In this study it has been 

more useful to consider biological relevance, and recognize a de 

fac to s tratif ication fr om attendant eco logic a l  events, 

specifically oxygen dep letion. Suc h a notion does not demand 

lasting rigorous hydraulic separation of water masses, only a 

sufficient barrier to mixing to allow progress i ve o x y gen 

d epletion. It is consistent with the considerable localized and 

limited vertical mixing common to tropical lakes, and with the 

view of a billabong as a heterogeneous and dynamiC moSaic of 

water cells. 

Based on these c riteria the b illabongs of the Alligator 

R ivers Region form a continuum of stratification behaviour. At 

one end of th� spectrum lies Kulukuluku, and perhaps Woolwonga, 

with several months of de facto stratification. Leic hhardt has 

less sustained periods of hy polimnetic anoxia, separated by 

periods of mixing. The sum of these limited periods means that 

bottom waters are anoxic for a considerable time during the 

y ear. Jabiluka occupies a m i d d le position, with regular 

alternation of holomixis and brief episodes of stratification. 

It is a classical example of a tropical, polymictic lake. At the 

other extreme of the spectrum are Bowerbird, with its continual 

flow, and the shallow backflow billabongs. The position any 

billabong occupies in this continuum depends on such factors as 

morphometry, shelter and orientation with respect to p r evailing 

winds. 

Since heavy metal mobility and the susceptibility of the 

native fauna to toxins are both enhanced at low oxygen tensions 

the clear implication for the Magela system, where long term 

anoxia does not occur, is that the most critical time is the 

first few weeks of t h e  Dry, t he most critical b i llab o ng 

Leichhardt. The implications for the Nourlangie system are more 
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serious. Not only may anoxia be persistent in bottom waters but 

also it may extend for periods throughout the whole water column 

of billabong and floodplain. 
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1.0 INTRODUCTION 
With in the c a tch me nts of  t h e  Sout h a nd Ea s t  All i gat or 

Riv e r s. N orthe rn Terri tory, l i e four uranium dep os i t s - Range r. 

Jabi l uka. Koongarra and Na rbarlek . Government a p prov al  for t he 

mi ni ng a nd m i l l i ng of the se  deposit s is largely dependent on 

adhe rence t o  env i ronme nt al guideline s  formulat e d  by t he Range r 

Ur a nium Envi r onme ntal Inq u i ry ( F ox e t  al . 1977) .  Rec ogni sing 

that the wat e r ways downstream of mining a nd mi lli ng op e rat i ons 

c ould be s ubje c t  t o  pe rturbat i on. thi s i nqui ry rec omme nded the 

formulat i on of an e ffe c tive bi ol ogical and c he mi c a l  m oni t or i ng 

p rogram for these area s .  It was evident that such a program mus t  

be founded On a detailed  unde rs tanding of aquat i c  e c ol ogy of the 

Re gi on . At t he t ime of t hat report . l i tt l e  was known of aquat ic 

ecol ogy in trop ical Austral ia and it  was clear t hat c onsiderable 

ge ne ral l i mnologi ca l  re s earch woul d be r e qu i r ed .  The present 

study i s  part of a broadly-based inve st i gat i on int o t he aquat i c  

e c osys te m s , c o-ordinate d b y  t he Supervi s i ng Scient ist  for t he 

All i gat or Ri ve rs Region. 

T h i s series o f  r e p o r t s p r e s e nt s t he r e s u l t s  of a 

l imnol ogical s tudy i nt o  a number of smal l wat erb odie s ,  l ocally 

c a ll e d  b i ll a b ongs , i n  t he c at c hment s of the Sou t h  a nd Ea s t .  

All i gat or Rive r s . The bill abongs, le ft behind a s  t h e  floodwaters 

of t he rainy seas on recede , assume i mmense ec ol ogical import ance 

as the refuge s of birds and aquat ic life dur i ng t he p r olonged 

dry s e aso n .  The p ict ure of e ach billabong gi ve n  is based upon 

t emperat ure and oxygen dat a (th i s  re p or t ). op t i c a l  c onditi ons 

(Wa lke r a nd Tyle r 1985a ) ,  wat er chemi st ry ( Walke r and Tyl er 

1�85b ) .  nut rient status (Walker and Tyler 1985c ) ,  p hyt op lankt on 

populati ons (Ke s sell and Tyler 1985; Ling and Tyler 1985; Thomas 

1983 ) and p hyt opl ankt onic product i vity (Walke r  and Tyler 1985d ) .  

An ext e nde d int r oduc t i on t o  the Al l i gat or Ri ve r s  Regi on and i t s  

bil labongs i s  gi ve n  a t  t he begi nning of thi s rep ort . For ease of 

rep ort i ng, much of the dat a pre sentat i on has bee n  organized i nt o  

Appendic es. 
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2.0 SnJDY AREA 
2.1 Geography 

The Alli gator Rivers Region 1s l ocated i mmediate ly to the we st 

of t he Arnhem Land Plat e au , a ru gge d s a n d stone form a t i on 

c ov e  r i ng m u c  h of the north-e a s t e r n c orne r of the Nor the rn 

Te rri t ory (Figs . 1-4). A ge ne ral  de s c r ip t i on of the Re gi on i s  

given by Chr i stian and Al dr i ck ( 1977) and Fox e t  ale ( 1977) . 

Al l the major streams have the i r  he adwaters i n  the pl ateau 

a nd run in a general ly north-westerly d i rec t i on. On leavi ng the 

plateau they cross the l owlands , and duri ng the we t ter month s , 

s p r e a d  ov e r  e xt e ns ive fl oodp l a i ns . Only t he l a rge r i vers 

mai ntai n a cont i nuous stream channe l th r ough the floodp l ai ns . 

The lowl a nd s  me rge with tidal fl at s  al ong the e s tuaries and on 

the northern coast l ine . 

Dur i ng t he dry month s , t he fl oodwaters  recede , leav i ng a 

l arge number of small lent ic wate rbodie s .  Loc a lly , t hese sma l l  

la k e s  are c a l l e d  b i l labongs . In Sout h Afr i c a the y woul d be 

call e d  pans . Pedantically , a billabong 1s a disti nct i ve t ype of 

wat e r body , a n  ox bow or me a nde r cut off by fl uvi al  processe s 

(Bayly and Williams 1973; Hutchi nson 1957) .  Howeve r the wor d i s  

e ntre nche d i n  l oc a l  usage i n  the Nort hern Te rrit ory for a lmost 

any small , r iverine waterbody . 

In p re v i ou s  p ubl i c a t i ons on the l imnol ogy of the Region 

several bil l abong classificat i ons have bee n p r op ose d (Davy a nd 

Conway 1974; Hart a nd Mc Gre gor 1980; Walke r a nd Tyle r 1979) 

based primarily on geography , morphomet ry and hydrology . Al l the 

c l a s s i fi c a t i ons prop ose d a d op t  t hree major taxonomi c unit s -

backfl ow ,  channe l and floodpl ai n  billabongs . Pl a c e d  wi t h i n  t he 

c ont e x t  of H utc hi ns on's ( 1957 ) l ake c la ss i ficat i on (Table 1)  

backflow billabongs appear to be lateral lake s (type 52 ) ,  whi le 

fl oodp l a in b i l l abongs may be e ither t yp e  56 or 57 . Cha nne l 

billabongs appear not to fit thi s  c l a s s i ficat ion. 

2.2 Climate 

The c l imate of the Region is of the w i nte r-dry , trop i c al 

climat e  type (Aw) of the Koeppen-Ge ige r c limatic classificat i on. 

Th i s  s y s t e m  i s  ba s e d  on me a n  m o n t h l y t e m p e r a t ure a n d 

p r e c ip i tat i on .  Aw c l i mat e s  a re c harac t e r is e d  by d i s t i nc tl y  

seasonal rains (the 'We t ') (Fig . 5 ) , a p ronounc e d  dry p e ri od 
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TABLE 1: The usual classification of Alligator Rivera billabongs compared 
with Hutchinson's (1957) claasification of lakes. 

BILLABONG 
CATEGORY 

Backflow 

Channel 

Floodplain 

HUTatlHSON 
CATEGORY 

Type 52 - lateral lake. Formed 
when the sediments of the main 
stream, deposited as levees, 
back water up a tributary 
st ream. 
Hot described - located 
wholly within atream channel. 

Type 56 - lakes in depressions 
on floodplains caused by 
une�en _ggradations during 
floods. 

Type 57 - lakes in abandoned 
channels on floodplains. 

� ,  , 11 '  �, •. . .� ,- • •  I • •  

BILLABONG 
OIARACTERISTJCS 

Shallow; shelving 
banks; fine 
sediment s. 

Deep; steep banks; 
coarse sedllDl'nts. 

Shallow: shelving 
banks; fine 
sedilDl'nts. 

Comparatively deep; 
steep and shelving 
banks; predominantly 
fine lIedh'ents. 
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(the 'Dry ' ) .  a nd a considerably reduce d seasonal ra nge of mean 

m onthly tempera tures c omp ared with t empe ra te c l i mes (Riper 
1 9 71) . Thu s a t  Ja biru.  b oth mean month l y  max i mum and mean 

monthl y mini mum temper atures have a se as ona l a mp li tude of onl y 

a b out 7°C (Fig. 5). The l owest mean da ily temperat ure s occur in  

the middle of the Dry. duri ng the mont h s  Ma y-Augu s t  ( F i g. 5). 
The d i ff e re nc e  be twee n mea n max i mum and mean m i nimum of air 

o 0 
te mperat ure i s  gre atest at this  time ( 1 6  C ) , and l e a st ( 8 C) 

during the Wet . 

The pr onounced  climat ic seasonalit y  expe r i e nc e d  i n  t h i s  

low latitude z one i s  cause d  b y  a reversal o f  wind directi on each 

Dry and Wet (Fi g. 5, 6). t he wind duri ng the Dry bl owing f r om the 

a r i d  Aust rali a n  h i nt e r l a nd ,  being dry and st abl e ,  whe reas the 

We t winds f r om t he sea a re  hum i d. unsta b l e  and c onduc i v e  t o  

p r e c i p i t at i on .  The se humi d wi nds c ome f i r st f r om t he north 

d ur i ng a p e r i od ( Oc t o b e r -N ov e mbe r )  kn o w n  l o c a l ly a s  t he 

"Bui l d-up". De sp i te high humid i ty, rai nf al l  i s  sparse unti l the 

winds vee r  nort h-we st e rly a t  the onse t of the We t .  Thus, i n  

a p p a r e n t  c ont r ast t o  many ot he r tr op i c al cl ime s, whe re this 

seasonal wind reve rsal , or monsoon, i s  a sudde n event , he re t he 

wi nd shi f t  i s  gradual (Fig. 6 ) . 

Desp i te the sl i ght i nc re a s e  i n  dayle ngt h  fol l owi ng the 

wi nte r  s ol st i c e  ( Fig. 7 ) ,  the daily hours of sunli ght de crease 

c onside rably (Fig. 7 ) as the winds tend northe rl y and i ntroduce 

c lou d t o  the c l e a r  ski es charact er i st ic of the c ooler months. 

De sp ite thi s, the net solar radiat i on i mpinging on the gr ound at 

f i rst increases (Fig. 7 )  with the i ncreasing angl e of the midday 

sun. H oweve r ,  by t he Dry / We t in te r c h a n ge t h e  d e n s i t y  a n d  
c 

durat i on of c l oud c ove r i s  suf f i c ie nt t o  li mi t se ver ly both 
'" 

sunl ight hours and ne t radiati on (Fig. 7)  a n d  a i r  te mp erat ures 

d r op s i g n i f i c a n t l y  ( F i g. 5 ) .  Thus t he h i ghe st ye a r l y  a i r  

t emperatures are rec orde d pri or t o, not at , t he summe r solst ice . 

N ot surpri si ngly , pan evap orati on i s  maxi mal late i n  the 

Dry (Fig.  5) at the time of highe st t empe r ature s and maximum net 

incoming radi ati on. During thi s  study, annual pan evaporati on at 

t he Jabiru met eorol ogi cal s tati on exceede d annual prec i p i ta ti on 

by 800-1200mm. 
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Dur i n g t h e  Wet , f i ve major wea t he r-p r oduc i n g  s y s t e m s  

ope r a t e ( Chr i s t ian and Al d r i c k  1 9 7 7 ) .  Wid espread rai n  re sults 

f r om equa t or i al or  monsoonal t r oughs and or ga ni sed  c onve c t i on. 

I n t e ns i ve r a i n w i t h  re st r i c t ed d i s t r i bu t i o n i s  p r oduce d  by 

tropical cyc l one s ,  a nd l ocal iz e d  t h u nd e r s t orms a nd showe r s  

re sul t fr om l ocal c onvect i on systems . The climat ic variables  of 

the Re gi on are summa r i se d  i n  F i gure 8 ,  s h o wi ng t he ex te nt t o  

whi ch "seasons "  c a n  be rec ognized • 

2.3 Hydrology 

A n y  i nv e s t i gat i o n i nt o  t he l i m nol o gi c a l  behav iour of 

s t a nd i ng wa t e r b o d i e s  r e q u i r e s  f ul l  c o g niz a nc e  o f  t h e i r  

hydrol ogical re gi me. S i nce precipitat i on i s  d i st i nctly seasonal , 

a c omp a r a b l e  s e a s o nal i t y  of f l o w occ u r s  i n  t h e ma ny wa t e r  

c ou r s e s of t he a re a . Duri ng the Wet , f l ow fluctuate s widely i n  

the rive r s  a nd t he i r  t r i but a r i e s , wi t h  f l oodpeaks f ol l owi ng 

h e a v y  r a i n . I n  t h e D r y , e xc e p t  f o r up s t ream a re a s  f e d  by 

p e re nni a l  s p r i ngs a nd s e e p a ge s , a nd l owe r se c t i ons of ma i n  

r ive r s  and  t he i r  e st ua r i e s  wh i c h  r e t a i n water throughout the 

year , f l ow ceases a nd l owla nd c re e k  s y s t e m s  d ry up . The n ,  t he 

only wat e r  remai ni ng i s  i n  plateau rock p ool s a nd the billabongs 

a nd s wamps of l owl a nd and f l oodpla i n  re gi ons . 

The mos t d r a lJla t i c  hyd r ol o gi c a l  eve nt of the year i s  the 

i ni t i al i nf l ux o f  f l o od wa t e r s  a t  t he s t a r t o f  t h e We t .  

Pa nc ont i ne nt a l  Mi ni ng Lt d .  ( 1 9 8 1) c a r r i e d  out a n  i nt e ns i ve 

sampl i ng program on the effects of the se i nf l ows on cha nne l a nd 

f l oodp l a in bil l ab o ngs of Ma gela  Creek. It showed  that the cool 

i nf l o ws f r om t he creek i nt rude d be ne a t h  ' ol d '  wat e r  i n  t he 

c ha nne l b i l l a b o ngs , wi t h  t he m i x i ng i nduced by the turbul e nt 

i nfl ow gradually ext e ndi ng downst ream al ong the bil labong. Thus , 

t he f i rst i nf l ows appear not t o  p ush the ol d water downst ream on 

a wi de fr ont . Rather , vertical mixi ng dilut e s  the old wate r ,  and 

a s  t h r ou gh f l ow i s  establ i she d ,  the d i l ut e d  wat e r  1s di spl aced.  

The f i rst fl ood e nters the fl oodplai n bil l abongs by a d i f f e re nt 

mecha ni sm .  There , the absorpt i on of heat by the shall ow sheet of 

f l oo d wa t e r ,  a s  i t  move s ac ro s s  t he f l oodpl a i n , r a i s e s i t s  

t emp e ra t ure a b ove t hat of the bil labongs . The f l ow the n slide s 

across the surface of the bi l l abong, a nd s i gni f i cant mixi ng only 

occurs whe n f i l l i ng i s  c omplete a nd t hrou ghflow i s  e s tabl i shed . 

, . . �., ..... It ·" "f';:-.... ' 

, 

, . 

, , 



F IG 8. 

�� �--IEE1SiEE:--==��-_" VVNW 
�a I . . . . . . 

-

N 

,d ...J:!:!II 
LOCAL CONVEC ION 
EQ�OR� MONSOON TROUGHS �U�� 

Z I-� � ���=-=EA�S .. TERLY OrSllJRBANCES � WET SEASON 

"LOCAL CONVECTl ON 
dRCANIZED COrWEcnON 

TROPICAt 
CYCLONES 

If) 

DRY SEASON I II .. 
COa.. SEASON "B..IILD UP" 

J FMAMJ J ASO NO 
MONTH 
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Alligator Rive rs Regi on' (data f rom various sourc es). 
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Fl ow i n  the Magela Creek past Jab i r u  (Gauging St at i on 
821009) and Jab i l u k a  b illabong (GS821017) during the 
1978/79 wet . (court e s y  water Divi s i on of t he Northern 
Te rrit ory Depart ment of Transport and Works). 
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�I9 10. Fl ow in the Hagela Creek past Jabiru (GS821009) in the 
197 9/80 wet (A) and the 1980/81 wet (B). (courtesy 
water Division of the Northern Territory Dep a r tment of 
Transport and Works). 
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After t he first f lush of wate r  down the c reeks , Wet season 

f l ow i s  cha rac t e r ized by a ba se fl ow upon which fl oodp eaks a r e  

sup e r i mpose d .  The re i s  c on s i d e rabl e v a r i abil i t y  i n  t h i s  f low 

p a t t e r n f r om ye a r  t o  ye a r  (Fi g s . 9 , 1 0 ) .  Acc ord i ng t o  Young 

(1980) e rrat i c  fl ow fluct uat i ons  at  up st ream gaugi ng s t at i ons  

are smoothed progre ssively d ownst ream until , on the  fl oodpl a i ns , 

the eff ect s of rai nst orms on the p lateau are hardly de t e c t a bl e .  

H owe ve r ,  t h i s i s  not a l w a y s  s o . Du r i ng t he 19 7 7 /7 8  We t ma jor 

fl ow i nc re a s e s  a t  up s tre a m  gaugi ng s t a t i on GS 82 1 0 0 9  w er e  

r e a d i l y  a nd i m me d i at e l y d e t e c t a b l e  at  t he fl oodplain gauging 

s t a t i on GS 8 2 10 1 7  ( F i g .  2 i n  Ha rt  a nd Mc Gre gor 1 9 80 ) . Th i s  

appears t o  be a re gular eve nt (Fi g .  9 ) .  

Ce ssat i on of fl ow i n  the l owland cre e k s  ma rks  t he e n d  of 

a ny s i gn i f icant surface wat e r  i nput t o  the bi llabongs unt i l  the 

f ol l owing Wet , though l imi t e d  i nf l ux of gr oundwat e r  may oc c ur 

s e e  Chap t e r 4 .  Wat e r  l e v e l  s t hen drop throug!l the Dry as more 

than 2 me t re s  of wat e r  e v ap orat e s  (Fi g .  8 ) .  Th e d i s t i nc ti v e  

c h a r a c t e r  o f  t h e h y d r ol o g i c a l  c yc l e  t he n ,  i s  t he ma rke d 

s ea s onal ity . In t he Wet t he bi l l abongs be c ome p a r t  of a v a s t  

s he e t  o f  m oving f l oodwate r .  I n  the Dry , th ey remain as i sol at ed 

s t a gnant p ocke t s ,  unde r g o i ng p r ogre s s ive change as i nt e n s e  

evap orat i on concentrat e s  t he i r  wat e r s . 

3.0 'mE BILlABONGS 

The l oc a t i ons of t he billabongs studied are i ndicated  i n  

F i gs . 2-4. Thei r  ma j or feat ure s a r e  g i ve n  i n  Ta bl e 2. Al l are 

small bod ie s of water , the l argest (Island bi l labong ) be ing only 

2 km l ong and  200  m ac r o s s  at i t s  wi de s t  p o i nt . Most a r e  a 

f ract i on of the s iz e  of Island . S urface area and volume diminish 

during the Dry . 

3.1 Channel billabong 

The s e  b i l l ab ong s a re l oc a t e d  wi t h i n  t he ac t u a l  f l ow­

c h a nne l s  a nd a r e  v i r t ual l y  depre ssi ons in  the st ream bed .  They 

are c omp ara tively deep and characteri st ical l y  have s t e e p  w e l l ­

v e g e t a t e d  b a n k s  s u p p o r t ing ma i n l y  Pandanus sp . wi t h  s ome 

f re shwat e r  mangr ove (B a r r i ngt on i a  sp . ) .  T he de p t h  of t h e s e  

b i l l abon g s  i s  an  i ndi cat i on of th e current vel oc ity experienced 

dur i ng the Wet , so the more l angu i d  t he s t ream , the shal l owe r 

, 
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TABLE 2: Claasificatio n and characteristics of All1galor Rivers Region 
bi Uabongs . 

BILlABONG CATQ{MENT 

CUSS IFlCATION 

Channel 

"/Egca rpaaent 
rockpool 

" /Backf l "" 

Ha gda 

Nourlangte 
Coopers 
Hagel a 

Baroel bat 

BILWONG 
NAKE 

Mudg! nberrt 
Buffalo 
Hoarl.nga 
Hlmbawah 
Bowerbird 

Goanna 

5.5-9 
3-5 
6.9 

2.5-4 
5-8 

0-3 

SEDIMENTS 

Sand 
Sand (, sil t 
Sand 
Unknown 
Rock & sand 

Silt & clay 

"/Floodplain 
Hagels 

Hagel a 

Nourlangle 
Hagel a 

hland 

Kulukuluku
1 

Georgetown 

3.5-6.5 

6.5-10 
0-3 

Sand wit h stlt (, clay 

Fi ne grey clay 
Bac k£1 ow Fine silt & clay 

Coonjimba 
Gulu .• gul 

0-2 
0-3 

+ localised sand 
Fine silt (, clay 
Fine silt & cls y 
Ftne silt & clay 
Fine silt & clay 

Floodpl ain 
Hourlangfe 
Hagel a 

Corndorl 
Umbungbung 
Ja Ja 

0-2.5 
0-2.5 

2.8-5 .5 
0 . 2-2 . 5  

S11 t & c lay 
Mine Valley 

u.ichhardt 1 
Jablluka 
Nankeen 

Nourlangie Woolwonga 
Jingalla 

East Alligator Red Lily
2 

1 

3 . 5-6 
3 . 5-6 
3.5-6 

4-6 
2-4 

2-4 

Silt & clay 
3 
SUt & cl ay 
SUt & clay 

Unkn",," 
Unknown 

Unknown 

Kulukuluku, Leichhardt and Woolonga all have floating meadows along thetr 
banks. In Kulukuluku, these .... adows are comprised of Hymenachne and n ut 
gralls (local name, genus unknown) and in l.eichhardt of ltymenachne and 
Le ersl a . Their composition in Woo lwonga is unknown. 

2 
Red Lily de rives It. name from the red lotus lily (Nelumbo nucif era) which 
may cover 80% of the billabong by the late Dry. 

3 
In the large nor thern bastn, a highly organic coarse s ediment ov erl ies a 

flne, grey compacted clay. In the smaller aouthern bastn, sed i me nts are a. 
in the otheT floodpIa,in bUlabongs (ThOlD8s and Hart, 1981 ) .  
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th e bill abong occurring wit h in it. Gen era lly , channe l billabongs 

have sandy s e d ime nts,  but in s trea m s  n ot d r a i n ing sandst one 

( e . g .  Goanna ) clay se d im ent s may occ ur .  

It appears that channel  bi l l ab ong s  w i t h  sa ndy s e d ime nt s 

r ece i ve s e epage i np ut f rom aquife rs  f or s ome t ime after surface 

fl ows have cease d .  Eve n G oanna , wi t h  i t s  c l a y s e d i me nt s ,  may 

re ce i ve se epage f r om a n  e l e v a t ed wat e r  t able (Davy and Conway 

1 9 7 4 ) .  B e cause  of t h ei r  d e p t h ,  s t e e p bank s , and the c oa r s e 

n a t u r e  o f  t h e i r  s e d i me nt s ,  t hey  d o  n ot e x h i b i t  t he ma rked 

increases  in t urbi dity dur i ng t he Dry , br ought a b out by wi nd­

i nd uc e d  re s uspensi on of sediment s ,  which i s  shown by most other 

billabongs . Goanna , wi th it s clay se d i ment s ,  doe s  bec ome t urbid.  

A n u mbe r o f  b i l l a b o n g s  a re c l a s s i f ie d  i n  Tabl e 2 as 

hybr i ds . Whi l st p re d om i na t e l y  d i s p l ay i ng c h a r ac t e r i st i c s  of 

c h a n n e l  b i ll a b o n g s  t he y  s h ow s ome a f f i n i t y  w i t h  ot he r 

categorie s .  Thus , Goanna occasionally rece i ve s  backfl owing water 

f r om G ul ungul Cr e e k ,  Kulukul uku and I s land are both l ocated at 

t he j u nc t i ons of f l oodp l a i n  and t h e s t r e a m  c h a n ne l s , and  

B owe r bi r d  is  an  e l ongat e d  roc kp ool i n  t he e scarpment through 

which wat e r  f l ows all  year  around . 

3.2 Backflow billabongs 

These bil l abongs are shal l ow ,  w i t h  s he l v i ng ba nks , and 

have c l ay and / or s il t  se d i me nt s .  Loc at e d  whe re small f eeder 

st reams j oi n  a large r creek , they are separate d  from t he l at t e r  

b y  a l ow s andy l e vee  de p os i t e d  b y  t h e  ma i n  c r eek . The t e rm 
' backfl ow' refers t o  a hydrol og i ca l  e v e nt d u r i ng t he We t whe n 

w a t e r  f r om t h e ma i n  c r e e k  b a c k s  u p  i n  t h e t r i but a ry by 

_ ove rt opp ing the levee bank . The bil labong is i n i t ially f i l l e d  by 

t h i s  b a c kf l ow at  t he c omme nceme nt of t he Wet , with the f i rst 

fl oods f r om t he l a rge up s t re a m  c a t c hme nt of  t he ma i n  c re e k .  

Th i s  hap p e ns c onsiderably earl ier than s ignificant fl ows i n  i t s  

own f eede r  stream. Once the bil l a bong i s  a t  h i gh wa te r  l e ve l , 

t he d i re c t i on of f l ow ove r the levee bank i s  dete rmined by the 

rel at i ve leve l s  in t he bi l l a b ong and t he ma i n  c r e e k .  At t h is 

t i me  e x t e n s i v e  l ow-l yi n g  a r e a s  o f  p ap e r ba r k  ( Me l a l e uca 
r 

leucade ndon ) f orest sur roundi ng the backfl ow b i l l abongs may be 
II 

i nund a te d ,  wh i l st dense  mac r ophyte be d s  c ol oni se the shall ow 

open water . S ubse quent to the We t /Dry i nt e r c ha nge , t h e  wat e r s  
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be gi n t o  conl r act t h rou g h  i n t en s e  ev apo r a t i o n, and the 

mac r ophy te be ds se ne Bce . Wi t h  t hi s  reduc ti on of both mac r ophyt e 

c ove r a n d  wat e r  depth . wi nd -induce d turbul e nce can pe net rate t o  

t h e  bi l la bong fl oor and re suspe nd th e f i ne s ed i me n ts , s o  t hat 

tu r bi d i ti e s  r i se t o  very high level s .  By  the e nd of a l ong Dry , 

backf l ow  bi l labongs may dry up complet e l y . 

3. 3 Floodplain billabongs 

Thi s  i s  more a category of c o nve nience t ha n  t he p rev i ous 

t w o , f or s eve r al  t y pe s of bi l l a bong oc c ur on the f l oodplains 

(Table  1). Of the fl oodplai n bi l l a b ong s  s t ud i e d  (Tabl e 2) one 

(Mi ne Val l e y ) i s  me r e l y  a shal l ow d e p r e s s i on i n  which water 

l evel is  maintaine d  thr oughout the drier mont hs by seepage input 

(B rown 19 7 9 ) ,  whi lst  the others are remnant s of deep channel s  on 

t he fl oodplains . The ir banks are steep i n  some place s , she l Ving 

in ot he r s , depending on f l ow patte rns in the We t .  S e d i ment s are 

comp ose d ge ne ra l l y  of c oa rs e  s i l t  and v ar i ou s  c l a y s , w i t h  

v a r y i n g  amount s of orga n i c  mat e r i a l . The e xt e nt o f  fringing 

ve ge t at i on ,  ma i nl y  B a rr i ngt oni a  a nd Pandanu s , is v a r i a bl e , 

de p e nd i ng on t he l ocat i on of t he bil l a bong on t he f l oodplai n ,  

a n d  wh i c h  f l oodpl a i n .  H ow e v e r  a s  a r u l e , the f l o o d p l a i n  

b i l l a b ongs are  t he most e xp ose d of a l l , and dur i ng t he Dry , 

e xtens ive resuspens i on of t he i r  s e d i me nt s may occur , rai s i ng 

t urb i d i t i e s  t o  ver y  high level s .  During the We t ,  the fl oodplain 

bi l l abongs lo se t he i r  i de nt i t y  t o  a l a rge e xte nt , a s  wat e r  

sp reads ove r  the fl oodplain and c ove rs  t hem.  

4.0 PElt'lUBBATION OF mE AQUATIC ENVIRONMENT 

The Range r U ranium Env i r onme nt a l  I nqu i ry (Fox e t . al . 
' -
19 7 7 ) r e c ogni s e d  t hat , i n  re c omme n d i ng t ha t  m i n i ng s h oul d 

p r oc e e d ,  s ome e nv i r onme nt al pe rturbat i on was ine Vi t able , with 

the aquatic e cosystem l ikel y  t o  be the most adversely a f f e c t e d . 

T h e  s ource of such i mp a c t s  woul d be t he mi n ing a nd mi l l ing 

ope rat i ons themselve s , and the regi onal township (Jabiru ) .  

As i de from the more obv i ous physical e ffect s of mining and 

mil l i ng operat i ons , these act iv i t i e s  have , v i a  t he re l e a s e  of 

heavy me t a l  and rad ionucl e i de (radium) c ontami nat e d  wate r ,  the 

p o tent i al t o  influence vast areas of d owns tream we t l ands subject 

t o  s e a s ona l f l ood in g .  Eluc i dat i on of d i spe rsal characte r i stics 
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and bi ologi c a l implications of i n tent iona l or acc i dental re lease 

of s uch water-borne c ont a m inants is clearly a ma jor priori ty.  

Rel ea s e  of  water high in suspended s ol i d s f r om ret e nt i on p ond s 

i nt o  nat ura l wa t e rways c oul d a l s o  have deleteri ous impact ; an 

inc rease in  the annual s e d i me nt l oad c ou l d  i n f l ue nc e  a q uat i c  

d y n a mi c s  b y  r e d u c i n g wa t e r  c l a r i t y , a s  we l l  a s  act i ng a s  

t ransp ort medium for some c ontami nant s ( aart 1980).  

T�o g r oup s of c on t a mi nant s wi l l  e nt e r  the wat er ways from 

the re gi onal t ownship . Effluent from oxidat i on lagoon s t re a t i ng 

d ome s t i c  s e � ag e ,  and �r b a n  r u n o f f wi l l  a d d  ni t r oge n and 
I 

p h os p h o r u s , p e rhap s i n i t a t i ng eut rop h i c a t i on of d owns t r e a m  ,. 
n 

e nv i r ome nt s .  T he ot he r c on tami nant group , pe s ti c i de s  used for 
I-

protect i ng fenc e  p ost s and dwel l i ngs , have al ready bee n  detected 

i n  ne a r b y s t r e a m s , p e r h a p s i n d u c i n g t he a bnorma l l y  h i gh 

i nc i de nc e  of mal f ormat i on i n  c e r t a i n  fr og sp e c i e s  i n  t h e s e  

habitat s (aart 1980). 

Asse s sment of the potent ial impact s of the se c ont aminant s 

m u s t  b e  m a d e  i n  t h e c o n t e x t  of a n  a d v a nc e d  s t a t e  of 

understandi ng of current environment al c ond i t i ons and dynami c s  

( F ox e t. a l . 197 7; H a r r i s  1980 ).  The l i mnol og i c a l  s c heme 

pre sented i n  these report s c ont ributes  s i gni f i cant ly  t o  such an 

u n d e r s t a n ding , a d d i t i on a l  to t he p r ov i s i on of s p e c i f i c  

monit oring advice for some c ontaminant s .  

5.0 MATERIAlS AND MEmOIS 
5.1 Sample sites 

I n  al l b i l l abong s , one s amp l i ng s i t e  wa s e s t abl i she d ,  

marked by a pe rmane nt buoy l oc a t e d  at , or ne a r .  t he deep e s t 

. p o i nt . In t wo b i l l a b on g s , Le i c h h a r d t  a n d  I sl a n d , t hree 

addit i on al buoys we re i nstal l e d  (Figs . 11,12) t o  chec k whe t he r  

eve nt s a t  t he p ri ma ry s i t e  �e re repre s e nt at ive o f  the whole 

bi l l abong .  Add i tionall y ,  i n  M ay 1979 , samp li ng wa s c a r r i e d  out 

al ong a tr ansverse t ransec t across Lei chhardt (Fi g .  11) for t he 

same purp ose . 

5.2 Methodology 

W at e r  t e mp e r a t u r e s we r e  m e a s u r e d i n i t i a l l y  wi t h  a 

t he r mis t or .  H oweve r ,  t h e i ns t r ume nt , wh i c h  wa s p e rfe c t l y  

suitabl e  for temperate studie s ,  p rove d t o  be i na dequa t e  for t he 

No r t h e r n  Te rr i t ory . It s c a li brat i on d r i f t e d  s l i ght ly  as i ts 

, 
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FIG 11. Map of l.ei chhard t bi l l a bong showi ng the p os i t i on of th e 
t r ans ve r s e  t ranse c t , and s i te s  A-D f or l ogi t udi nal 
t r ansect s tudie s .  
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FIG 1 2 .  Map of Island bi ll abong showing t he p osit i on of si t es 
A-D for l ongi tudi nal t ransec t studie s .  
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comp onent s e x p e r i e nc ed a cons i de r a bl e  t emp e rat ure  va r i a t i o n 

betwe e n  cal i brat i on i n  an ai r-condit i one d  labora tory a nd several 

h ou r s  u nd e r  h ot , f i el d  co nd i ti o ns . F o r a ny o n e  s e t  o f  

measureme nt s ,  �h ich re qui re onl y  a few mi nut e s , the magni tude of 

tempe rature change detected betwe e n, 8ay , t op a nd bot t o m  wat e r s ,  

w o u l d  be c or r e c t , but n o t  ne ce s sa r i l y  accu r a t e  i n  a b s ol ut e  

terms . S i nce the recognit ion of t he rmal s t r a ti f i c a t i o n or i t s  

abse nce i n  t r opical waterbodie s  re st s on det e ct i on of very small 

o 
temperature change s (0 . 1  C ) , the the rmis t or was abandoned  In t he 

1979 /80 Wet i n  f av our of a s ubme r s i bl e  p ump (Rule 400) which 

p ump e d  wat e r  f r om s e l e ct e d  d e p t h s  p a s t  a n  acc ur a t e  me rcu r y  

the rmome t e r  in a f l ow through cell . 

D i s s ol v e d  oxyge n c once nt ra t i o ns we r e  me a s ur e d  b y  t h e 

Al s t e rbe r g  az i de mod i f i cat i on of t he W i nkler techni que ( APRA 

1975) .  Init i al l y  the sample s were t aken with a Van Dorn sampl e r , 

l at e r  wi t h  t he subme rs ible pump . During 1980 some measurements 

we r e  ma d e  r e l i a b l y  w i t h  a D e l t a  D i s s ol v e d  O x y ge n M e t e r  

cal ibrated  e ach day i n  the f ie l d  agai nst the Winkler met hod .  

5.3 S a mpling rationale 
Most b i l l a b o ng s  we re v i s i t e d  once each mont h , although a 

h i gher sa mpl i ng f reque ncy wa s t h ou gh t  de s i rabl e . H owev e r  t he 

f re que nc y  w a s  l a r ge l y  de t e rmi ne d  b y  b ot h  the large numbe r of 

billabongs i n  t he study and the i r  e a se of  acce ss , and during the 

We t u p on t h e  ava i l ab i l i t y  of hel icopter  and ai rboat . For s ome 

b i l l a bongs , i nt e ns i ve s amp l i ng wa s ca r r i e d  o u t  d u r i ng t h e 

Dr y /We t  i nt e rch ange , f r om t he t ime whe n the first f l oodwaters 

e nt e red t he billabong unt il complete f l ush i ng had occu r r e d .  At 

-e ach v i s i t  t o  a billabong , t e mpe rature and oxyge n p rof iles  were 

dete rmine d i n  t he early mor ni ng at t he s a mp l i ng buoy . F o r  t he 

more i nt e ns i ve l y  samp l e d  b i l l abongs , thi s was repeated i n  t he 

l ate afternoon. 

The r a t i onale behind early morni ng samp l i ng (06 .00-08.30) 

was t hat a ny t he rmal grad i e nt de t e ct e d  mus t  have p e r s i s t e d  

ove r ni ght , i ndicating last i ng hydraul ic st rat i f icat i on. Lat e r  i n  

the day a t hermal gradie nt coul d have resul t e d  f r om t hat  day' s 

he at i ng .  F u r t he rmore , phot o s y nthe t i c oxy ge n e v ol ut i on woul d 

s c a rc e l y  have comme nce d .  The r e f ore , e ar l y  morni ng s a mp l i n g 

s houl d coi nci de w i t h  mi ni mum t emp e ra t u re s a nd minimum oxygen 
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concentrati ons . The des irabi l i t y  of dawn samp l i ng in t ropic a l  

l i m n ology ha s b e e n  wide l y  r e c ognised, for a var i e ty o f  reasons 

(e.g . B e a dl e 1 9 7 4 ;  S c hmidt 197 3;  S e aman �!..!.. 1 9 7 8 ) .  The 

a f t e rnoon samp li ng ( 1 5. 0 0- 1 6 . 00 )  was more of a comp r omi s e . 

Though s olar  heati ng had e nde d by this  ti me , oxyge n p r oduc ti on 

w o u l d  c o nti nue unti l 1 7 . 00- 1 8 . 0 0 (Wa l ke r  and Ty l e r  1 979) . 

The ref ore , our sampl i n g s t rate gy i s  l ike l y ,  f i rs t ,  to gi ve a 

g o od e s timate of the da i l y  range of tempe rature , second t o  give 

a g o od i n dic ati on o f  min i m um d i s s ol v e d  o x y g e n ,  b u t  a n  

u n de re s t imate of max i mum di s s ol v e d  oxy ge n ,  a nd f i nal l y , to 

pe rmit proper interpretati on of the rmal phenome na . The s ampl i ng 

s trate g ie s f or e a c h  of the study bill abongs are shown i n  Table 

3.  

6.0 RESUr:rs - SURFACE WATER TEMPERA'roRES IN mE BILLABONGS 

6.1 Diurnal variati on 

The diurnal range of surface water  tempe rature s i n  the Dry 

c oul d be q u i te c ons i de ra bl e . Ta bl e 4 shows  the vari a ti on i n  

s u r f a c e  wate r te mp e r atu r e  rec orded f or a number of billabongs 

ove r  a 24 hour peri od,  and i ndicate s that the early morni ng and 

l at e  a f t e rnoon samp l i ng rat i onale adopted did give a reasonable 

e stimate of the dail y range of temp e rature . Dep e ndi ng on the 

l e n g th of th e s ol a r  day , a nd the weathe r c ondi ti ons on a 

parti cular day , heat i ng may or may not have c omme nced whe n the 

m or n i ng samp l e s we re  take n ,  and may or may not have c eased by 

the afternoon sampl ing . Within thi s  c onstr a i nt ,  Tabl e 5 shows 

t he range of da i l y  v a r i at i on s , f or some surface waters during 

1978-81 . A seasonal patte rn of diurnal var i a ti on was di f fic ult 

to di scern. However ,  some ge ne ral c omments may be  made . 

F ir s t ,  the most  e xte ns i ve di urnal te mp e ratu r e  f l uxe s 

o c c u r r e d  i n  the v e r y  sha l l ow ,  tur b i d  b i l l a b ongs (ba c kf l ow 

bil l abong s ,  Mine Valley)  during the mi ddle or  l at e  Dry . De e p e r  

b i l l a b ongs of s imilar t urbidi t y  (Jabiluka , J a  Ja , Nankeen) also 

e xperienced c onsiderable variati ons . H a r t  and Mc Gre gor ( 1 98 0 )  

a l s o  note d t hat l a rgest day time tempe rature r i s e s  occurred in 

the most tu rbi d bil l abongs .  Occasi onal ly , l a rge ri se s oc curre d  

i n  rel at ive ly clear , p r ot ected billabongs , such a s  Noarlanga on 

o 
22nd August 1979 , whe n the daytime inc rease was 5. 4 c. 
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TABLE 3: Sampl ing rationale for Alligator Rive ra bill_bonga 

IlILWONG PEIllOD SnlDIED NAnJRE OF SAMPLING 

Hudgtnberri 1978 la(Dry); 1d(Wet/Dry 1 nterehange ,Wet): 2 
1 979 Ie 
1980-ear1y 1 98 1  Ib(Ory): Id(Wet/Dry i nterehanle :Wet ) 

Buffalo 1978-eafly 1 979 la 
Noarlanga 1 979 1_ 

1980-early 1981 Ib 
Nimbawah late 1980-ea fly 1 98 1  1 b  
B owerb i rd 1978-early 1981 la,e 
Goanna 1 978 la 

1 979 Ie 
1 980-early 1 98 1  Ib 

Island 1 978-1979 la 
1980-mtd 1981 la,3 

Kulukuluk., late 1 979 la 
mid 1980-late 1 981 Ib,4 

Georgetown 1 978 I_ (Dry): Id(Wet/Dry interchange) 
1979 Ie 
1980-early 1981 1 b(Dry) 

Coonj1mba 1978 la,2 
Gul ungul 1978 la 

1979 la 
1980-mtd 1981 la (Dry) ; Id(Wet/Dry interehange;Wet) 

Corndorl 1 97 8  l a  
Umbungbung 1979 la 

1980-early 1981 Ib 
Ja Ja 1 978 la 

1 979 Ie 
1980-early 1 981 Ib(Wet and e a rly D ry) 

Kine Valley 1979 la 
1980-early 1981 Ib 

1e1ehhardt 1978 la 
1979 1a:5 
1 980-ea rly 1 98 1  la,3 

Jablluka 1978 la,2 
1 979 la 
1980 la(Dry),ld(Wet /Dry interchange);2 

Nankeen 1978 la 
1 979 Ie 
1 980-early 1 98 1  Ib 

Woolwonga 1980-early 1 98 1  Ie 
Jlngall a  1979-early 1 980 la,lb 

late 1 980-ear1y 1981 Ib 
Red Uly late 1979-early 1 98 1  la,lb 

KEY 

la. Konthly °c and D.O . profilea at one aite  (mornina and late afternoon) .  

b. Konthly °c and D.O . profiles at one aite (morning) 

e .  Infrequent «moothly) °c and D.O. profiles at one aite. 

d. Frequent ()aonthly) °c and D.O . profilea at one aite (morning). 

2.  SOIIII! diurnal °c and D.O. p roftling i n  early Dry. 

3. Oeeaai onal s t u d i es of °c and D . O. at four dtea over .everal days i n  
Dr y .  

4. Ten consecut i ve day sa=rli ng in August 1 981 of °c and D.O. profilea at 
one site . 

5. O c casiona l t r anav e r se t ranaects aero •• billabong of °c and D . O .  
profiles during early Dry. 
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TAII I¥. 4 : Df urna l va r I at I on o f  t e _l' e  r a t  u re ( oC )  I n  a u r f a c e  wa t e r a of f o u r  
Hagt' l a  Cr�t'k bf l l abonga 

II I LlAII ONG DATI': T I HE °c II l LlAII ONG DATI': TIHF. °c 
Coon j l llba 25-26/ 4 / 7 8  09 1 5  26.4 Ja Ja 1 4 - l S/4/ 7 8  0900 28 . 7  

• 1 1 1 4 2 7 . 9  I I I  5 2 9 . 4  
1 3 1 5  28 . 7  1 3 1 5  lO.4 
1 5 30 30 . 0  1 5 1 5  2 9 . 6  
1 7 1 5  2 9 . 0  1 7 1 5  2 9 . 4  
1 9 30 2 8 . 7  1 930 2 9 . 3  
2200 2 7 . 6  2 1 1 5  2 9 . 0  
0000 2 7 . 0 231 5 2 8 . 7  
0420 2 5 . 7  0 1 1 5  2 8 . 6  

• 0745 2 5 . 7  07 1 5  2 8 . 6  

Hudg1nbe nl 28-29/4/ 78 0730 2 7 . 4  Jabi l uka 1 3-14/5/81 09 1 5  2 7 .4 
1 1 05 2 8 . 3  1 1 20 2 8 . 2  
1 330 2 9 . 0  1 330 2 8 . 5  
1 600 lO . 1  1 530 2 8 . 9  
1 8 30 2 9 . 6  1 7 20 2 8 . 8  
2200 28 . 5  2 2 2 5  28 . 1  
0445 2 7 . 4  0220 2 7 . 7  

• 0730 2 7 . 2 0625 2 7 . 5  
0 8 1 5  2 7 . 5  

TAB lE 5 :  Di urnal range (llax . - 111 D. ) of t e ml' e r a t u re ( oC ) 1 n  a u r f a c e  wat e r a of 
selected b I l l a bongs . 

B I LLABONG YEAR J AN  FEB MAR APR HAY JU N  JU LY AIlG SEPT OCT NOV DEC 

• B owe rb i rd 1978 1 . 5 1 . 7 1 . 6 1 . 2 2 . 3 
1 979 1 . 3 
1 980 1 . 4 1 . 9 1 . 7 1 . 6 

Georget own 1978 2 . 5 1 2 . 5  3 . 7  l . 3  3 . 2 3 .0 5 . 4  l . 7  2 . 6  
Gul ungul 1 978 1 . 8 4 . 4 2 . 2 1 . 9 7 . 4 6 . 1  4 . 9  

1 979 -0 .9 2 . 8 2 . 7  6 . 2  5 .4 7 . 5  
1 980 2 . 1  l . 5  1 . 4 3 . 2  4 .9 6 . 2 

• 1 9 8 1  1 . 9 2 . 8  3 . 6  2 . 6  
Corndorl 1978 2 . 7 1 1 . 7  3 . 2  4 . 2  3 . 7  6 . 5  4 . 7  3 . !l  2 . 3  

Coonj111ba 1978 3 . 6 1 2 . 3 3 . 2  6 . 1  4 . 6  6 . 2  9 . 0  8 . 6  5 . 0  
Hudg1 nberri 1978 3 . 1 1 2 . 5  1 . 1  3 . 1  1 . 5 3 . 3  1 . 5 3 . 0 
B uf fa l o  1 9 7 8  1 . 3 3 . 1  2 . 2 1 . 5 3 . 0 1 . 8 2 . 2 -0 . 3  
bland 1 978 2 . 2  0 . 4 3 . 0  1 . 3 2 . 9  0 . 5  2 . 8 

1979 4 . 3 2 . 0 2 . 0  3 . 2  3 . 0  1 . 9 

• 1 980 1 . 0 2 . 1  2 . 9  1 . 8 2 . 5 3 . 1  
1 98 1  2 . 4  2 . 0 2 . 4  2 . 6  

Hine Valley 1979 0 . 3  1 . 9 3 . 4  6 . 0 8 . 8  
1 980 0 . 9  2 . 6  5 . 3 

l.e ichhardt 1 9 7 8  4 . 3  1 . 1  0 . 9  1 . S 2 . 3  -0 . 7  
1 9 79 2 . 1  2 . 8  5 . 0  4 . 1  3 . 1  2 . 7  
1 980 1 . 2 1 . 7  3 . 7  2 . 1  2 . 3  1 . 9 2 . 6  2 .0 3 . 3  
1 9 8 1  2 . 5  2 . 0 1 . 5 

Jabil uka 1 978 1 . 3  2 . 7  2 . 5 1 . 8  2 . 4  2 . 1  -0. 1  
• 1979 -0 . 2  2 . 4  3 . 8 4 . 8  6 . 4 2 .2 4 .0 

1 980 0 . 9  0 . 9  1 . 3 1 . 6 3 . 8  4 . 8  1 . 6 1 . 1  
1 981 2 . 1  4 . 4  1 . 1  

Nankeen 1 9 78 O . S  0 . 6  1 . 2 1 . 2 0 . 8  3 . 8  
Noarlanga 1 979 2 . 4  2 . 3  1 . 7 5 . 5  2 . 3  2 .4 
UmbuDgbung 1 979 4 . 9  4 . 2  7 . 2 
Red L1 l y  1 980 1 . 0 3 . 2  1 . 2 2 . 5  0 .9 4 . 1  

1 9 8 1  2 . 7  3 . 5  

• IValues f or Janua ry , 1 9 7 9 .  

TAB lE 6 :  Dfurnal v a r i a t I on i n  t elllpe ra t u re at s e l e c t e d  d e p t h s  I n  C o on j i llba I n  
Ap r i l  1 9 7 8 .  

DEPni TIME 

• 
(m) 09 1 5  1 1 1 5  1 3 1 5  1 510 1 7 1 5  1 930 2 200 0000 0420 0745 

0 26 .4  2 7 . 9  2 8 . 7  30 . 0  2 9 . 0  2 8 . 7  2 7 . 6  2 7 . 0  25 . 7  2 5 . 7  
1 2 6 . 0  2 6 . 2  2 6 . 4  26 .4  26 .4  26 . 4 2 6 . 4  2 6 . S  25 . 7  2 5 . 7  
2 2 5 . 8  2 5 . 8 2 5 . 8  2 5 . 8  2 5 . 8  25 . 8 2 5 . 8  2 5 . 8  25 . 7  2 5 . 7  

• 
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D e s p i t e  t h e ap p ar e n t e f f e c t  of  t u r b i di t y  on d i u r nal 

t e mpe r a ture v a ri a t i on and de sp i t e  t he f ac t  t h a t  t u r b i d i t y  

i nc re ase d  i n  al l b i l la bongs t owards the end of the Dry (Wal ke r 

and Tyl e r  1 9 85a ) , a cle ar p att ern of incre as i ng d i urna l f l ux at 

t h i s  time c ou l d  n ot be demonst r ated , probabl y f or two reasons . 

Firstly , though at that t i me turbid i t y  w as rap i d l y  i nc re a s i ng , 

t he amp l i t ude of daily air temperature variat i on was decreasing 

(F i g  2 ) , t he t w o  op p o s i ng f ac t ors  c a nc e l l i n g  o ne a n o t he r .  

S e c ondl y ,  the mete orol ogical c ondit i ons on any s amp l i ng d ay had 

a prof ound i nfluence On dai l y  v ar i at i on.  

Th e p r e v ai l i n g h y d r o l o g i c a l  r e g i me m ay a l s o  h a v e  

i nf l ue nc e d  d i ur n al t e mp e r a t u r e  f l ux .  Du r i n g t h e We t t he 

t e mp e rat ure o f i n f l uent wate r c oul d have a m arked i nfluence on 

bil l abong temperatur e s , e s p e c i al l y  whe n  re t e nt i on t i me s we re 

l ow .  Th u s , c o o l  i n f l ow s  c oul d p roduce an i nv e r se day t i me 

temperat ure ch ange (e . g .  Gulungul on  1 1 . 1 . 7 9 whe r e  a d r op of 

o 
0 . 9  C was rec orded between 09 . 15 and 1 6 . 45) . 

Aqu at i c  mac r ophyt e s  c oul d al s o  h ave i nf l u e nc e d  w a t e r  

t emp e r at u re s , by f i r st , l i m i t i ng w at e r  movement and , second , 

submerged  plant s  near t he surf ace  ab s or·bi ng a n d , p re s um abl y , 

r e r a d i at i ng h e at .  Th i s  c oul d exp l a i n  c ons i de r abl y h i gher 

temper ature s in dense stands than in ne arby ope n  w ate r .  Thus , on 

t he a f t e r n o o n  of 1 0 . 5 . 7 9 ,  surface t emp e r at ure  i n  t he cle ar ,  

c omp ar at ively deep w at e r  in the cent re of Gulungul b i l l abong was 

o 
3 1 . 4  C ,  whe r e a s  i n  t he l i t t oral  z one (O . Sm deep ) ,  choked with 

Naj as tenuif ol i a  and Utricul ari a sp . ,  surf ac e  t e mpe r at ure  h ad 

o 0 
r i sen t o  37 . 3  C ,  a difference of S . 9 C .  

6.2 Seasonal range 
I n  t h e t e mp e r at e  z one s i t  i s  c om m o n l y f ou n d  t h at 

e p i l imne t i c  t e mpe r at ure s of l ar g e , de e p  l ak e s f ol l ow t h e 

se as on al t re nd of me an ai r temper at ure s .  In shal l ow w ate rbodies 

of t r opic al regi ons however , such a rel at i onship is d i f f i cult t o  

de mons t r at e  u nl e s s  t he l arge diurnal temper at ure v ari at i on i s  

t ake n i nt o  acc ount . An obvi ous strate gy would be t o  s amp l e  e ach 

b i l l abong j u s t  be f ore sunr i se .  In th1 s way .  the season al d aily 

m i n i ma of t e mp e r at ure woul d be r e c o r d e d .  Th i s  w a s  s e l d om 

p r act i c a b l e  but s i nc e  samp l i ng w as normally within an hour of 

, 

� .... ... . _ ... , " \0 ., • .  or • • •  · '  ' t . , 0" , 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



•• 

• 

• 

•• 

• 

• 

• 

• 

• 

t he onset of thc day ' s  s ol a r  heat i ng ,  te mpe ra t ure s  at a dept h  of 

2 m we r e  unl I kc l y  t o  have c h ange d  f rom t he overnight mi nimum . 

Th is supp os i t i on i s  e n t ire l y  v i ndi c a ted by  t h e re s u l t s  o f  

di urnal me asurement s  i n  Coonjimb a bi l l abong (Table 6)  • 

Fi gure 1 3  shows t h at the se daI l y  mini mum tempe r at ur e s  l i e  

ap p r ox i m at e l y  mi dway bet we e n  t he mont hl y me an maxi mum and 

monthl y mean mini mum a i r  tempe r ature s .  In ge ne r al ,  t he ai r and 

w ater temper at ure curve s are bimodal wi th  the mi nimum occurring 

i n  the c ool pe r iod , the mi ddle Dry . It  i s  p os s i ble t o  rec ogni s e  

a ' c o o l i n g p h a s e ' , whe n w at e r  t e mp e r at u res f al l , f r om t he 

be ginning of the Wet unt i l  the mi d-Dry , f ol l owe d by a ' he at i ng 

phase ' f or the remai nde r of the Dry . 

7.0 RESU LTS - SURFACE OXYGEN CONCENTRATIONS IN mE BILlABONGS 

7 . 1  Diurnal variati ons 

The c oncent r at i on of oxygen in surf ace  waters i s  depe ndent 

u p o n  t h e r at e  of c o n s u mp t i on r e l at i v e  t o  p r oduc t i on by 

phot osynthe sis , and up on exch ange at the air /w at e r  i nterf ace. In 

p r ac t i c e , di f f u s i on of oxygen from ai r t o  w ater or the reverse 

is sl ow ,  unless  as s i sted  by sur f ac e ag i t at i on whi ch i nc re ase s  

t he d i f f us i ve are a. Conse q ue nt l y  t he c on sump t i on/p rodnct i on 

r at i o  as sume s maj or s i gni f ic ance in surf ac e  w at e r s  of st agn ant  

b i l l ab ongs and t he di st ribut i on of oxygen throughout the w ater  

c ol umn i s  regul ated by mixi ng, st r atif i c at i on phenomena , and the 

di st ri but i on of al g ae and aqu at ic mac r ophyt e s . 

Diurnal studies  of f our bill abongs (Table 7 )  reve al ed t h at 

oxyge n c oncent r at i ons sc arcely change f or s ome t ime after the i r  

d awn m i n i mum , but t h at t he af t e rnoon s amp l i n g w oul d o f t e n  

u n d e r e s t i m at e  t h e d ay ' s  ox y g e n m ax i mu m .  N ot onl y doe s 

phot osynthe sis  cont i nue as l ong as t he re i s  d ay l i ght but t he 

l ower e d  t e mpe r at ure s of  l at e  afte rnoon may act u ally f avour i t  

(c f . G anf and H orne 1 975 ) . Furthe r ,  oxyge n p r oduced b y  aq uat ic 

p l ant s m ay not be rele ase d i mmedi atel y , c aus i ng a l ag peri od in 

oxygen evol ut i on (Gol dman 1 968) . For these re asons , s i gni f i c ant 

oxy g e n  p r oduc t i on of t e n  t ook p l ace af t e r  t he normal afte rnoon 

s amp l i ng .  Table 7 i ndic at e s  t h at thi s c ould be as much as 1 0-20% 

of s at ur at i on v al ue s .  Eve n s o ,  a day ' s  phot osynt hesis and g as 
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FIG 1 3 . S e a s ona l v a ri at i on i n  me a n  mont h l y  max i ma and me a n  
o 

mont hl y mi ni ma of ai r tempe rature s ( e )  at Jabi ru . and 
sp ot measureme nt s of wate r  tempe rature s  at 2m d e p t h  i n  
Mud g 1  nbe r r 1  ( A ) , le 1 chhardt (B) , Isl and (e) . Jabl luka 
(D) , Noarlanga (E ) and Kulukuluku (F) bi l l abongs . 
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TAll IE 7 ;  D i u r n a l  v a r i a t i on o f  d l . a ol v e d  ox yg r n  ( X  . a t u ra t i o n )  i n  a u r f  ace I 
wa t e r s  of f ou r  Kng� l a  Creek bi l l ahongR , 

B I LUJlONG DATE T I ME % SAT. S I LLAIIONG DATE TIME % SAT. • 
Coon j l mba 2 5-26/4/78 09 1 5  23 Ja Ja 1 4 - 1 5/4/78 0900 1 1  

1 1 1 5  28 1 1 1 5 1 6  
1 3 n  4 1  1 3 1 5  21  

.. ' 1 530 57 I S I S  25 
1 7 1 5  7 5 1 7 1 5  29 
1 9 30 7 7  1 930 32 
2200 59 2 1 1 5  35 

• 0000 56 23 1 5  27 
0430 35 0 1 1 5  1 5  
0 745 1 8  0 7 1 5  1 1  

Mudgi nbe r r 1  28-29/4/78 0730 72 Jablluka 1 3-14/5/81 09 1 5  55 
1 1 05 7 6  1 1 20 62 
1 330 86 1 330 63 
1 600 90 1 5 30 65 
1 830 8 7  1 720 68 • 2200 7 9 2225 65 
0445 76 0220 6 1  
0730 7 0  0625 63 

08 1 5  6 1  

•• TAB LE 8 ;  D i u rna l range ( ma x . - mi n . )  of d i S 8 0lve d oxyge n ( X  " a t u n t  1 o n )  1 n  
surface wate rR of select ed billabong s .  

B I LLABONG YEAR JAN FEB MAR APR HAY JUN JU LY AUG S EP OCT NOV DEC 
B owe rb i rd 1978 5 1 2  1 2  5 9 

1 9 7 9  1 0  
1 980 1 1  8 5 1 9  

Ge orget own 1 9 7 8  1 6  2 0  1 1  1 4  9 1 5  1 7  1 8  • •  Gulungul 1 9 78 23 2 8  54 2 2  4 1  1 5  -4 
1 979 32 46 24 4 8  4 2  
1 980 1 9  2 2  1 7  40 40 45 
1 9 8 1  1 3  9 26 2 5  

Corndorl 1 978 1 4 1 1 2  2 2  4 5  20 9 4 3  1 0  -5 
Coon j i mba 1 9 7 8  3 1 5 3  59 4 7  4 1  4 9  48 67 30 
Mudginbe rri 1978 6 1 1 8  1 6  1 5  28 1 7  1 6  1 6  • 1 980 5 2 34 5 
B u f fal o 1 97 8  1 8  30 23 24 29 2 8  3 5  3 
I sland 1 9 7 8  6 4  2 1  39 3 2  3 6  1 3  35 31 

1 979 22 33 30 20 43 23 4 5  
1 9 80 03 1 9  2 1  39 23 3 1 2 1  
1 9 8 1  5 1 5  62 50 

Mi ne Val ley 1979 64 35 3 3  4 1  3 

• 1 980 24 3 20 53 82 
ll!ichhardt 1 9 7 8  3 6  6 4  2 4  20 62 56 

1 979 30 2 4  49 9 2  52 48 33 
1 980 1 83 2 2  2 0  2 2  6 1  2 2  5 8  4 3  26 33 
1 98 1  1 0  32 22 

Jablluka 1 9 7 8  1 1 8  2 2  1 7  2 1  2 1  1 
1 97 9  0 2 3  2 1  2 7  34 3 20 

• 1 980 1 63 8 7 1 9  24 38 1 6  2 
1 9 8 1  8 2 1  1 0  

Nankeen 1 978 8 5 1 3  1 3  1 1  2 2  
Noa rlanga 1 9 7 9  1 2  0 . 8  1 7  1 8  2 1  
Umbungbung 1 9 79 82 8 5  7 3  
Red Li l y  1 9 80 23 34 26 32 46 

1 9 8 1  6 9  4 0  

1 • Value. f o r  January , 1979 
2 

ValueR f o r  February . 1 98 1  
3

App roximate values only becauRe of i naccurate t empe rature mea.urement . 

• 
, 
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e x c ha nge w i t h  t he a t mosphe re wa s gene ral l y  i ns u f f i c i e nt t o  

pr oduce oxyge n saturat i on .  

Furthe r data on di urnal fluc t uat i ons o f  oxyge n are g i v e n  

i n  Ta bl e 8 .  Whi l e  the re wa s no clear seas onal o r  geographical 

pattern a numbe r of event s wa rrant me nt i on .  F i r s t , t h e re wa s 

f r e q u e n t l y  a m i d - D r y  max i mum of di u rnal v a r i a t i on ,  a 8  i n  

Jabiluka , Island and Gulungul . Th i s  app eare d t o  c oi nc i de w i t h  

ne a r -maxi mum phyt op l ankt on chl or ophyll leve l s  (see chl orophyll 

p l ot s  in Wal ke r  & Tyler 1 9858 ) .  Var i at i ons on t h i s  general theme 

we re c ommon . I s l a nd , i n  ad d i t i on t o  i t s  m i d -Dry p e ak ,  c oul d 

experience anothe r  at the Wet /Dry i nterchange . Le ichhardt showed 

a capri c i ous pat t e rn no doubt related t o  the e qual l y  caprici ous 

f l uctuat i on of phyt oplankt on p opulat i ons (see Ke ssel  a nd Tyl e r , 

1 9 85 ) .  

I n  s ome b i l l a b ongs (B owe r bi rd , G e o r g e t own , Na n ke e n ,  

N oa r l anga ) t he magni t ude of d i urnal oxyge n vari at i on scarcely 

change d throughout t he Dry and more ove r ,  it wa s s ma l l  ( 2 07. -

T a b l e  8 ) . I n  t he c a s e  of a l l  exc e p t  Na n ke e n ,  t h i s c an be 

e xp l a i ne d  b y  l ac k  of mac r ophyt e s  and v e r y  l ow c h l o r op hy l l  

l ev e l s .  I n  c ont r a s t , shall ow Coonjimba d i sp l aye d l i ttle  change 

i n  diurnal oxygen f lux throughout the Dry ,  but , c ons i s t e nt wi t h ' 

i t s  p e r s i s t e nt mac r ophyt e  p op u l a t i on ,  t he magnitude of these 

c hange s wa s g re a t . I t  i s  n ot c l e a r  w h y  N a n ke e n  d i d  n ot 

e xp e r i e nc e  t he s e a s onal f l uc t uat i on i n  diurnal oxygen of i t s  

ne i ghbour Jabil uka .  

Dur i ng t h e  f l ow pe r i ods of t he Wet , di urnal flux i n  most 

billabongs was l ow  but the few which rare l y  exp e r i e nc e d  s t r ong 

f l ows and wh i ch re t a ine d  dense macrophyte stands c oul d exhi bit 

p r o d i g i ou s  d i urnal f l uxe s we l l  i nt o  t he We t (e . g .  Re d Li l y  

29/ 1 /8 1 ) .  

7 . 2  Seasonal range 
As i n  t he e xami na t i on of t he s e as onal f ac e  of s u r f ace 

wat e r  tempe rat ure s , spec i al s i gni f i c a nc e i s  a t t a c h e d  t o  the 

e ar l y  morni ng s amp l i ng f or oxy ge n ,  f or several reasons . First 

d iurnal variat i ons c onfuse int e rp r e t at i on of s e a s onal t re nds . 

S e c ond , e a r l y  morni ng i s  t he t ime f or t h e  d a i l y  m i n i mum of 

oxyge n ,  the d a i l y  max imum of e c ol ogi c al s t re s s  f or ae r o b i c 
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o r ga n i s m s , and thi rd , oxyge n  c onc e nt ra t i ons scarcely change f or 

s ome t i me a f t e r  dawn (sce Tabl e 7 i n  scct i on 7 . 1 ) .  

I n  c on t rast  t o  ma ny t e mp e r a t e  l a k e s  whe re e p i l i mnc t i c  

wat e r s  remain cl ose t o  oxyge n sat urat i on t h r ough out t he ni ght , 

m o s t  b i l l a bongs at dawn were c onside rably unde rsatura t e d ,  often 

more t ha n  50% or s o  ( F i g s . 1 4 , 1 5) .  At t r op i c a l  t e mp e r a t u re s ,  

a b s ol u t e  d i s s ol v e d  oxygen val ue s  at 50% saturat i on are no more 

- 1 - 1 
than 3 . 5-4 mgl , c ons i de rabl y l e s s  t han the 9- 1 2. 5  mgl c ommon 

1 n  t he s a t urat e d  e p 1 l imnia of temperate lake s .  Pre sumably ,  the 

nat ive aquat ic bi ota i s  adap t e d  t o  wit hst and p e r i odic l ow oxygen 

c onc e nt rat i ons . During this st udy surface oxygen c oncentra t i ons 

of l e s s  t han 1 0% of sat urat i on value s « 0 . 8  mgl- 1 ) were f requent 

a t  c e r t a i n  t i me s  of the year , but eve n Kul ukul uku , with oxygen 

c once nt rat i ons at the surface s ome t i me s  l e s s  t ha n  2 % ,  no f i s h 

k i l l s  we re rec orde d .  On the se occasi ons , howeve r ,  the f i sh we re 

very act ive at t he surface . 

T h e r e  wa s d i s t i nc t  s e a s onal p at t e r n  i n  t he val ue s  of 

d i s s olved oxyge n at early morni ng ,  wi th some variat i on from year 

t o  year (Figs . 1 4 , 1 5 ) . A ma j or , annual feature was the mi nima i n  

s u r f a c e  oxygen e a rl y  i n  t he Dry ( a b out Ap r i l - J u ne ) (F i g s . 

1 4 , 1 5) .  The p r i nc i p a l  c au s e  w a s  a l m o s t  c e r t a i nl y  t he heavy 

oxy g e n  de mand of t he rap i d  de c omp o s i t i on of mac r op hyt e s  i n  

l i t t or a l  r e g i ons a t  t h i s  t i me .  Dramat ic growth of macrophytes 

occurs in the late Wet i n  shal l ow waters  surrounding c r eeks and 

b i l l a b ong s , and on the f l oodplai ns . Fal l ing wate r  leve l s  at  the 

We t / Dry i nt e rchange l e a d  t o  s e ne s c e nc e  a n d  d e c a y o f  ma j o r 

m a c r op h y t e s t a n d s , a n  e v e nt known t o  c a u s e  s e ve re oxygen 

def ic it s (Wetzel 1 975) which may ext e nd S Ome d i s t a nce i nt o  t he 

ope n  wate r  (Thomas 1 960 , c i t e d  by Wetzel 1 975) . 

The e f f e c t  o f  m a c r op h y t i c  d e c omp o s i t i on ap p e a r e d  t o  b e  

p a r t i c u l a r l y  ma r k e d  i n  t he b il l a b on g s on t he Nour l a n g i e  

f l oodpl ain.  During the early Dry , 1 98 1 , al l b i l l a b ongs s t udi e d  

i n  t h i s l oc a l i t y  expe r i e nc e d  v e r y  l ow s u r f ace oxygen value s  

(� 5% s a t urat i on ) , a n d  we re ge ne r a l l y  a n ox i c  be l ow 1 me t r e 

d e p t h . A n o t a b l e  f e a t u r e  o f  t h e s w a mp s a n d  f l o o d p l a i n  

surroundi ng these billabongs at this t ime was the punge nt od our 

of H 2 S ,  i n d i c a t i v e  o f  t h e i nt e n s e  d e c omp o s i t i on 1n t he s e  

, 
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F IG 1 4 .  S u rface va l ue s  of d i s sol'Ved oxyge n (X sat urat i on) f or 
t he s t udy p e r i od i n  Gul un gul ( A ) , Mud g i nbe r r i  (B ) ,  
G e  o r g e t  ow n ( C ) . I s l a n d  ( D )  a n d  U m b u n g b o n g  ( E )  
bi ll abongs . 
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F IG 1 5 .  S urface val ue s  of  d i ssolved oxygen (% saturat i on) for 
t he s t udy p e ri od i n  Le i c hha rdt (A) . Noa r l anga (B ) .  
Jabi luka (C ) .  Kulukuluku (D) and Jingal l a  billabongs . 
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rap i d l y- dryi ng a r e a s . Th ou gh ox y ge n  l eve l s i n  J i ngal l a  h a d  

re c ove re d somewhat by June , Kulukul uku and Woolwonga we re st i l l  

depl e t e d  of oxygen .  S i nce f o r  these two bi l l a  bongs  t he re suI  t s 

of the p revi ous year we re remarkabl y Simi lar , thi s appears t o  be 

a re gular event . 

Af t e r  t he mac rophyte s have decayed , bi l l abong c i rcul at i on 

p a t t e rns and the dynami c s  of phyt op lankt on p opUl at i ons a r e  

l ike ly t o  play major roles  i n  the determi nat i on of oxyge n leve l s  

t h r ough out t he rema i nde r of t he Dr y .  The dynam i c  nat ure of  

p h y t op l ankt on p op u l a t i ons , and t he i r  c l ose r e l a t i onsh i p  t o  

s u r f ac e  oxy ge n  l ev e l s ,  i s  graph i c a l l y  i l l u s t r a t e d  b y  t h e 

se que nc e of re sult s obtained  by H art f or Isl and B i l l abong (F i g .  

16 ) .  H oweve r ,  high phyt oplankt on leve l s  d o  not nece ssarily imply 

h i gh oxyge n  l e vel s ,  s i nc e  such f a c t or s  as sel f-shading , high 

t urbi d i t y , me t abol i c  i nh i b i t i on and se ne sc e nc e  c a n  ma rke d l y  

re duce phyt oplankt onic phot osynthe si s .  

8 .0 STRATIFICATION IN mE BILlABONGS 

8. 1 Preamble 
The phenomenon of thermal st rat i f icat i on i s  we l l  known and · 

u n d e r s t o o d  f or t he t e mp e r a t e z one s , and r a re l y  i s  t he re 

diff iculty in  rec ogniz i ng whe n  s t rat i f i c at i on e x i s t s .  U sual l y  

t he re are two d i s t i nc t  wat e r  bodi e s , t he e p i l i mn i on (up p e r  

laye r )  a n d  hyp ol i mn i on (l owe r  l aye r )  separat e d  b y  a z one o f  

temperature and density change , the metal imni on. Of ten t he l owe r 

stratum ,  the hyp olimni on , without c ontact wi t h  t he a t mosphere , 

i s  de p l e t e d  of oxy ge n .  The bre akd own of s t r at i f i c ati on , the 

ove r t urn , i s  read i l y  p e r c e ive d a s  i s ot he rmy a c c omp a ni e d  by 

vent i lat i on and re oxygenat i on of t he l owe r strat a .  

Eluc idat i on of the strat i f icat i on behav i ou r  d i sp l aye d by 

t he b i l l a bongs i s  c r ucial t o  an unde rstandi ng of the i r  aquat ic 

ec osyst ems and t he i r  a bi l i t y  t o  survive d i s t u r ba nce , s i nc e  

st rat i f i c at i on ,  or hydraulic part it i oning of the water column , 

often has p ronounce d bi ol ogical and chemical conseque nc e s . Most 

s uch c onsequence s att e nd the progress ive deplet i on of oxygen in 

the hypol imni on , which may lead to anoxia and the p r oduc t i on of 

h y d r o g e n s u l p h i d e (H 2 S ) .  C h a n g e s i n  r e d ox p o t e nt i a l s  
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FIG 16 . Va riat i on i n  dIssolved oxygen and phyt opl ankt on dens ity 
f o r I s l a n d b i l l a b o n g  o v e r a 4 4  d a y  p e r i o d 
(Novembe r/Decembe r 1980) . (Data a ft e r  Hart unpubL ) • 
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accompanying t he se event s may resul t i n  the rel ease of i norgani c 

2+ 2+ 3-
i on s  (e . g .  Fe , Mn , P04 ) p r e v i ou s l y  l ocke d in i nsoluble 

c omp l e xe s  i n  t he se d i me nt . Re d ox c h a n g e s a l s o  a f f e c t  t h e 

s ol ubi l i t y , mobi l i t y  and spec i at i on of heavy metal s and other 

t oxic sub s t a nc e s ,  and may there f ore i nf l ue nce  t he i mpact of 

t oxic e f f l uent s  on aquat i c  organi sms . 

B i ol og i ca l  c onse que nc e s  of s t ra t i f i c a t i on i nc l ude t he 

p r o gre s s i ve e x c l u s i on of obl i gate  ae r obe s s u c h  a s  f i sh and 

invertebrate s ,  as  d i s s olved oxy ge n l e ve l s  f a l l  t o  z e r o  i n  t he 

hyp ol imne t i c  water s . Only facultat ive and obl i gate anae robe s can 

survive the anoxic c ondit i ons of this  z one . Lat er , ove rt urn may 

3-
re sul t i n  a burst of bi ol ogical product i on a s  phosphate (P04 ) 

i s  mixed t hroughout the water  c ol umn . 

It i s  s ome t ime s  necessary t o  adopt an arbit rary crite r i on 

of thermal strat i f icat i on ,  and in temperate z one s thi s has l ong 

b e e n  a c c e p t e d  a s  a me t a l i mne t i c  t he r ma l d i s c ont i nu i t y  

o 
(thermocl i ne )  of 1 C per metre (B irge 1 897 ) .  There has been less 

a greeme nt on a n  a r b i t rary de f i ni t i on f or t ropical lakes where 

c omp arable change s i n  wa t e r  d e n s i t y  a t t e n d m u c h s ma l l e r  

t emp e rat ure gra d i e nt s  ( Rut t ne r , 1963 ) .  TaIl ing ( 1 969) claims 

o 
that " • • •  much smaller discont i nuit ie s  « < 1 elm) may c ontrol the 

o 
ove r all  d i vi s i on of the water mass . "  Vine r  ( 1970 )  adopted 1 . 5  e 
f or lake Volta , and Cache 

'
(in  B al on and C oche 197 4 )  de f i ne d  a 

o 
t r opical the rmocl i ne as exceeding 0 . 2  C per metre . Lewi s ( 197 3 ) , 

on t he ot he r hand , d i d  not a d op t  a nume r i c a l  c r i t e ri on but 

� - �l
-
a i me d  t ha t  sma l l  t emperature d i f f e re nce s "serve d to  1ndicate 

the de fac t o  i s ol at i on of water ma s se s i n t he l ake . I, Cl e a rl y ,  

most  aut h or s  have ha d difficulty i n  determi ning whether or not 

t r op i c a l  wa t e r b od i e s a r e  s t r a t i f i e d .  F o r t h i s  r e a s o n 

st rat i f i ca t i on i s  not rec ogni z e d here i n  thermal te rms al one , 

and us i ng the term i n  a c onnotat ive way , a b i l l a b ong i s  deeme d  

t o  b e  s t rat i f i e d  onl y i f  the observe d the rmal d i scont inuity i s  

acc ompanied by independent evidence of app are nt i s  ol a t  i on i nt 0 

d i s c re t e  s t rat a .  The c onc ent rat i on of d i s s ol v e d  oxyge n may 

provide the least equivocal c orroborat i ve evi dence . 
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The bi l l abongs of t he Re gi on vary c ons i de rably i n  the i r  

morphome tr y ,  or i e nt at i on a nd de g r ee o f  she l t e r ,  a ll fac t or s  

wh i c h  aff e c t  t he i r  hydraulic behavi our . Acc ordingl y ,  i n  the i r  

st rat i f icati on behaviour t hey exhibit  a c ontinuum of type , which 

d e f i e s  r i g or ous c l a s s i f i c ati on.  Wh i l e  op p os i te e nds of t he 

spect rum are obvi ous, the d i st i nct i on betwee n ne i ghbou rs i n  t he 

c ont i nuum may be sl i ght . At one end i s  st rat i f i cat i on with f i ve 

months of rel at ive s t agnat i on of dee pwat e r s  (Kul ukul uku ) but 

w i t h  i t  appears , s ome v e r t i c al e nt ra i nme nt of surface wat e r  

across the the rmocl i ne .  From t his  p oint the te i s  a cont i nuum o f  

i nc re a s i ng f re q ue ncy and extent of such incursi ons , leading t o  

i ncreas i ng transience of st rat i f icat i on, unt i l , at the othe r end 

of  t he s p e c t rum, s t rat i f i c a t i on is broke n down each ni ght , or 

neve r occurs . 

The b i l l a b o n g s  a r e a r r a n g e d b e l ow app r oximat e l y  i n  

dec reas ing orde r of the i r  degree of st rat i f icat i on ,  irrespect ive 

o f  t h e i r  ge o g r a p h i c al p o s i t i o n .  At i nt e r v a l s a l ong t h e  

c ont inuum , semi nal bill abongs (Kulukuluku , Le ichhardt , Jabil uka , 

Is l and and Gul ungul ) have be e n  treated i n  greater detail than 

ot hers . To avoi d i nte rrupt i ons of the text , most of the numerous 

f i gu re s and t ables are gr ouped  as Appendi ce s and referred ' t o  by 

the p refi x  A.  

8.2 Kulukuluku (refer t o  Appendix 1 )  

The thermal prof i l e s  (Fi g .  AI ) show that 

1 .  

2 .  

3. 

Du r i ng the We t , mor n i ng p r of i l e s  we re i s ot he rmal 

(Fi gs . A l . l 1 - 1 3 ) , i nd i c at i ng c omp l e t e  ni ght t i me 

mi xi ng and / or wat e r  f l ow .  Dayt ime heat ing some t ime s  

produced  sl i ght t he rmal grad i e nt s i n  upper s t rat a 

(Fi g .  AI . 3 )  • 

For the f i rst  hal f of the Dry , i nte nse heat i ng of t he 

up p e r  s t r a t a c o u l d p r o d u c e  e xp one nt ial  t he r ma l  

prof iles  by the aft e r n oon (F i g .  A I . l S ) .  Conve c t i v e  

and / or wi nd i nduc e d  m i x i ng occ urred each ni ght , so 

that morning prof i l e s  were agai n  i s ot hermal or nearly 

s o  (Fi gs . Al . 4 ,  1 4 , 1 5 ) .  

F o r t h e  l a t t e r  h a l f  o f  t he D r y , t h e r e w a s a 

p e r s i s te nt , t r i p a rt i t e  t he rmal s t ruct ure , wi t h  a 

, 

. . , 
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t he rm oc l i ne w hi c h  was not de s tr oyed by noc t u r na l  

c irculat i on (Figs . Al . S-9 . 16-20) .  

sugge sti ng uninte rrupted stagnat i on of the bot t om wate rs dur i ng 

t hi s  p e r i o d .  The thermal dat a  a l so i nd i cat e  that during this 

strat ifi cati on peri od 

1. t he de p th of the t he rmocl i ne i nc reased from 2 m to 

4 . 5 m ( Fi gs A1 . S -9 .  18- 2 0 ) . as noc t u r na l  m i xi n g 

occurre d t o  progressively deepe r levels. 

2 .  the tempe rat ure of the b o t tom ( hyp ol i mni on) wat e rs 

i nc r e a se d . i n  ha r m on y  w i th se a sonal c hanges i n  

atmosphe ric t emperatures. 

T he d i ssolv e d  ox y ge n da t a  substanti ate the p i c ture . 

deduced f r om the the rmal data . A c omp l e t e  f l ushi ng. wit h the 

W e t ,  i n d i c a t e d  b y  i so the r m y ,  i s  b o r ne out  b y  t he e v e n  

di stributi on of oxygen.  Duri ng the f i rst hal f of t he Dry i n  both 

ye a r s, the billabong, as well as be i ng i sothe rmal , was i so-oxic 

(Fi gs Al . 4 , 14- 17) . It was i so-oxi c  i n  a remarkable wa y - it  was 

u nif orml y anoxic (see sec ti on 7 . 2 ) , with a susp ic i on of a smell 

of H2S at the bott om ,  but not thr oughout the wate r c ol umn . The 

i sothermy and the absence of H 2S strongly sugge sts t hat f requent 

mi xi ng was occurri ng, and that the anoxic c ond i ti on wa s cause d  

by hi gh oxyge n de mand, not stagnati on. The rai n  of debris from 

f l oating mac r op hy te me ad ows (Ta b l e  2 )  und oubte dl y c re a te d  a 

demand, t hroughout the year .  

La te r i n  t he D r y  t he p e rsi s te n t  t he r m o c l i ne w a s  

a c c ompanie d  b y  a p e r si s te nt oxycl i ne (Figs A1 . S-9 , 18-20) .  In 

early Nov e mbe r 1979 , the e nd of t he pre sume d stratif i c a ti on 

p e r iod, the re wa s a strong oxycl i ne ( Fi gs A1 . 1- 2 ) , bu t the 

hyp olimni on contai ned 2% of saturat i on val ue , i nc re asi ng to 5% 

by the e nd of t he month. Thr oughout the strat i f ie d  peri ods of 

1 980 and 1981 the hyp ol i mni o n  Wa S a noxi c a nd c onta i ne d  R 2S .  

Whi l st i n  a te mp e r a te l ake , thi s woul d be take n to indicate 

classical strati f i cati on, the hypol imne t i c  temperature i ncreased 

o 
by  a b ou t  8 C d u r i ng t he 1 9 80 s tra t i f i c a t i o n  p e r i od. If  

ge othe rmal heating i s  d i sc ount e d  as an unl i ke l y  e xpl anation , 

three al te rnatives exi st, viz : -

, 
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1 )  

2) 

3 ) 

Occasi onal noc t urnal oVe rt urns occur , dest r oy i ng t he 

thermoc l i ne ,  d i s t r i but i ng heat t hroughout the prof i l e  

and vent i l at i ng t he hyp ol i mni o n . f ol l owe d by rap i d  

re -e s t a bl i shrnent of the the rmoc l i ne and hyp ol imnetic 

anoxia . 

S olar heat ing bel ow the thermocl i ne .  

Umited ve rt  i c a l  i nc u r s i  ons of wa rme r ,  oxy ge nat e d  

wat e r  i n t o  t he hyp ol i mni on , wi thout d i s rupt i ng the 

i ntegrit y  of the the rmoc l i ne and w i t h out e f fe c t i ng 

wh ol e s al e ox yge nat i on de si gnat e d  he re as "de-fact o" 

st rat ificat i on . 

To  re s ol ve t h i s  i s s ue , Kulukuluku was visited repeat edly 

( 1 5  t i me s )  e a r l y i n  t h e m o r n i n g  f o r f o u r  we e k s  d u r i n g 

Oct ober/November 1 983 . Prof i les  of temperature , oxygen and l ight 

p e ne t rat i on a p p e a r  i n  F i g s  1 7- 1 9 . Exami nat i on of t h i s d a t a 

reveal s : -

1 )  The billabong was strongly st rat i f i e d  (see al so  Table 

2) 

3)  

4) 

o 
1 0 ) ,  w i t h  a t h e r m oc l i n a l  grad i e nt of 5 C ;  i n  a 

temperate lake the c orresp onding dens i t y  change would 

be mi r r ore d , f or example , by a t emperature gr
,
adient 

o 0 0 
of 1 0 . 6  C from 8 C t o  1 8 . 6 C .  The bi l l abong wat e r s  

be l ow 3 . 0  m rema i ne d  anoxic f or t he durat i on of the 

study . 

Conve c t ive c u r r e nt s ge ne r at e d  by nocturnal c ool ing 

(free c onvec t i on) , pe rhaps augme nt e d  by  s ome wi nd -

i nduc e d  mix i ng (f orce d  c onve c t i on) penetrated each 

night t o  a depth of 2 . 5-3 . 5  m • 

Dur i ng t he mont h t he re was p referent ial heat i ng of 

hyp ol imnetic , and part icularly metal imnet ic , re gi ons . 

S ome r e c r u i t me nt of t he up pe r metal imni on i nt o  the 

c i rcul at i ng ep i limni on was appare nt , wit h  c onse quent 

s i nki n g  of the t he rmocline . For much of thi s peri od ,  

epil imnetic  early morning temperatures we re stat i c . 

S o l a r  h e a t i n g i s  unl i ke l y  t o  h ave acc ount e d  f or 

increasing temperature s in the deepwate r  re gi ons . The 

e up h ot i e  dep t h .  c orresp onding t o  t he level t o  which 

1% of surf ace radiat i on penetrat e s , wa s c onst a nt at 

, 



FIG 17. Ve rt i c a l t e mp e  rat ure prof i l e s  i n  Kul ukul uku b i l labong 
duri ng Oct obe r/Novembe r 1 9 83 ) .  
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F IG 1 8 .  D e p th p r o fi l e s o f  d i s s ol v ed oxyg en i n  Kul ukul uku 
billabong during Oct ober/Novembe r 1 983 . 
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TAB lE 9 :  Hypol 1mn h l  tempprat ure i n  Kul ukul uku b U l a bong 
d u r i n, Oc t obe r/November 1 983 , compared wi t h  the 
v o l u me - we t , h t e d  me a n  t " "'p " r a t u r e o t  t h " 
b i l l a b o n g  f . e .  t h " i s o t h e r m a l  t e mpe rat u re 
i nduc e d  by ove rt u r n , a a a u ", t n g  n o  i n f l o w o r  
o u t f l ow o f  h e a t . The ",e a n  t e m p e ra t u re waa 
c a l c u l a t " d  acc o r d i ng t o  a m o d i f i e d  v e r a i o n 
( F e r r i s  a n d  B u r t o n ,  u n p u b l . )  o f  t he LlMNO 

p rog ram (Me r r i t t  a nd J oh n s on 1 9 7 7 ,  q u o t e d  by 
Johnson " t . aI . ,  1 9 7 8 ) .  

DATE TEMPERA'IURE DATE TEHPERA'IURE 
Hypol i mni on Mean H yp ol f mn i on Mean 

8 / 1 0  
9/ 1 0  

1 0 / 1 0  
1 1 / 1 0  
1 2 / 1 0  
1 4 / 1 0  
1 6 / 1 0  

TAB LE 1 0 :  

DATE 

1 2 /8 /80 
1 1 / 9/80 
8/ 10/80 
1 8/5/81 
1 7 /6/81 
1 1 /8/81 
1 9/8/8 1 
1 8/9/81 
1 9 . 10 . 8 1  
2 2 / 1 1 /8 1  

23 . 6  
2 3 . 6  
23 . 7  
23 . 7  
23 . 7  
2 3 . 8  
2 3 . 95 

2 8 . 2  
28 . 1  
2 8 . 3  
2 8 . 6  
2 8 . 6  
2 8 . 8  
29 . 0  

20/ 1 0  
2 2 / 1 0  
24/ 1 0  
2 7 / 1 0  
30/ 1 0  

2/ 1 1  
5 / 1 1 

24 . 05 
24 . 1 5  
2 4 . 2  
24 . 3  
2 4 . 4  
24 . 5 5  
24 . 6  

2 9 . 2 
2 9 . 2  
2 9 . 0  
2 9 . 3  
2 9 . 6  
2 9 . 5  
2 9 . 6  

H e a t  c on t e nt 2 (cal o r i ea ) of a 1m water e olumn of KUlukul uku i n  
relat i on t o  temperature diffe rence between t op and bot t om  wate r .  

DEPnl TEMP6 RANGE TEMP .  DIFFERENCE HEAT COpNT 
C °c (:.:1 0  ) 

6 . 5  2 4 . 2-22 . 9  1 . 3  1 .49 
6 . 5  2 6 . 8-24 . 7  2 . 1  1 . 62 
6 . 0  2 8 . 5-26 . 5  2 . 0 1 .65 
8 . 0 2 6 . 4-26 . 4  0 
8 .0 23 . 8-23 . 3  0 . 5  1 . 8 1  
7 . 5  2 5 . 6-24 .0 1 . 6 1 .8 1  
7 . 5  26 . 5-24 . 1  2 . 4  1 . 8 7  
7 . 5  2 8 .3-2 5 . 5  2 .8 2 .0 1  
7 . 5  2 9 . 3-26 . 7  2 . 6  2 . 1 3  
6 . 5  30. 7-30 . 2  0 . 5  1 . 80 
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aut umnal c o ol i ng p h a se of t empe rate l ake s . I n  the latter case , 

the the rmoc l i ne si nks a 8  c onvect i ve and wi nd-i nduced turbul e nc e  

p r ogre s s i vel y erode the i nt e rface by vert ical e nt rainment . Thi s  

cul mi nates i n  overturn when such mi x i ng e x t e n d s  t o  t he bot t om 

( M o r t i me r  1 9 7 4 ) .  In Kul ukul uku , t he t he rmocl i ne al s o  su nk 

p r ogres s ively (Fi g .  AI . S-9 , 1 8-20) but over  a peri od whe n there  

Was  ne t he at  ga i n  by  t he wat e r  c ol umn ( Ta bl e  1 0 ) , includi ng 

app r e c i able  hyp ol i mne t i c  h e a t i n g by v e r t i c a l  e n t r a i nme n t . 

H yp ol i mne t ic heat i ng has been rec orded el sewhe re in  the tropics  

( F a l c one r � .!!.. in  B e a d l e 1 9 7 4 ; Ma g i s 1 9 6 2 ) , a n d i n  La ke 

A s i j e r e , Ni ge r i a  (Egborge 1 9 7 7 ) ,  and B arr on B onita re servoi r ,  

B r az i l  (Mat sumura -Tund i s i  � al . 1 9 8 1 ) ,  i s  a s s oc i ated  w i t h  

downward displacement of the thermocl i ne ,  as i n  Kulukul uku . 

8 .3 Voolwonga (re f er  t o  Appendix 2 )  

The l i m i t e d  dat a f or Woolwonga (Appendix 2 )  sugge sts that 

it behaved in a similar manner t o  Kul ukuluku . U nt i l  l a t e  June , 

t h ou gh t he b i l l ab ong was not strictly i s othe rmal , the re was no 

i de nt i f i able the rmocline ,  and the whole wate r  c olumn wa s anox i c  

o r  ne a r l y  s o . La t e r ,  the rmal gradient s increased i n  magnit ude , 

and on 26/6/80 (Fig A2 . 2 )  a def i ni t e  t he rm oc l i ne was p re s e nt , 

a c c omp a n i e d  by  a n  ox y c l i ne w i t h  2 5 %  of s a t urat i on i n  t he 

e p i l i mn i o n a n d  a n ox i c , s u l p h u r o u s  c o n d i t i o n s  be l o w .  

Unf ortunately , during the pe ri od whe n  Kulukuluku was strat i f i e d ,  

Woolwonga was sampled only once , i n  August 1 980 (Fi g  A2 . 3 )  whe n 

n ot onl y we re a l l  l e vel s  of the bi l labong anoxic but seemingly 

s o  were shall ow waters  of the f l oodplain.  These we re choked with  

mac r op hyt e s , and H 2S c oul d be smelled from a hel ic opter  at  500 

m . Thi s emphasiz e s  the imp ortance of macrophyte s  i n  c reat i ng an 

oxyge n demand . 

8.4 Red Lily (re fer t o  Appendix 3 )  

Re d Li l y  was a non-c onf ormist billabong , and uni que among 

those sampled in that was apparent ly st rat i f i e d  and anoxic f or 

all t he Wet as wel l  a s  f or much of the Dry .  

It s strat i f icat i on pat t e rn was i nt ima t e l y  r e l at e d  t o  t he 

s e a s onal di st r i but i on of t he l ot u s  l i l y  ( Ne l umbo nuc ifera ) .  

Early i n  the Dry the l i l y  died  back , leav i n g  t he water  sur f ace 

c l e a r  u nt i l  the late Dry . Re growth the n  occurre d and by the end 

of t he Dry the large fl oat ing leave s f ormed an almost continuous 

, 
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F I G  19 .  Attenuati on of PAR i n  Kul u kul uku b i l l abong on 1 1/ 1 0/83 . 
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5 )  

6 )  

a r ound 2 . 5  m ,  and l i t t l e  s ol a r  heat i ng be l ow thi s 

l evel i s  p r obabl e . 

The  up p e r  b ou n d a r i e s  of  the a n ox i c  z one and the 

metalumni on were virtual ly coi nc ide nt f or much of  the 

study , indicat ing that only sl i ght barriers t o  mixing 

we re ne c e s s ary t o  p e rm i t  deepwat e r  de p l e t i on of 

o x y ge n .  A s  it  was , even  in t he e p i l i mni on oxyge n 

c oncent rat i ons were very l ow.  

Not onl y  d i d  t he i nt e nsity  of  the samp l i ng schedule 

vi rtually e l i m i nat e t he p os s i bi l i t y  of unde t e c t e d  

n oc t urna l  overturn , but al so,  at the se t emperature s ,  

ove rt urn w ou l d h a v e  i n d uc e d  c on s i d e r a b l y  m o r e  

deepwate r  heat i ng t han was apparent here (Tabl e 9 ) .  

I t  s e e m s t h e r e f o r e  l i ke l y  t h a t  t h e n ot i on o f  d e - f a c t o 

s t r a t i f i c a t i o n i s  a v a l i d  one i n  t h i s  c ontext , and t hat 

hypol imnet i c  heat i ng was brought about by l imi t e d  i nc ur s i ons of 

warm wat e r . The oxygen demand of the hyp ol imni on must have been  

suff icient t o  c onsume any oxygen i nt r oduce d ,  s i nce there  was  no  

change i n  hyp ol i mne t i c anox i a  ove r t he samp l i ng peri od .  Such 

part ial mixi ng ,  without overturn,  has been rec ognized prev i ously 

in the trop ics  (e . g .  Beadle 1 9 74 ;  Magi s 1 9 62 ; Viner 1 970) . '  

The c o n s i d e r a b l e dy n a m i s m  i mp l i c i t  i n  t h e a b o v e 

i nt e rp re t at i on ,  when c onsidered with the horiz ontal temperature 

variat i on observe d i n  ot he r b i l l abongs (e . g .  Le i chhardt  and 

I s l a nd ) , p r ovi de s  a p ossible explanat i on f or anothe r  perplexing 

problem , t hat of a sl i ght dec rease i n  bot t om water  temp e rat u re s  

between early morning and lat e  afternoon on some Dry seas on days 

* 
(Fi gs . A1 . 1 , 2 , 7 , 8 )  • If  l i mi t e d  e nt ra i nme nt s of warm wat e r  

rai sed  hypol imneti c  temperat ure l ocal ly , hydraul ic  read justment s 

woul d have caused c ooler water  f r om unaffected areas t o  f l ow i n, 

c a u s i ng t h e  obse rve d drop s  i n  tempe rature . The hypol imni on may 

t hus be v i ewe d a s  a m o s a i c  o f  w a t e r  c e l l s  wh o s e  d y na m i c  

i nt e r c h a n ge s c au s e d  f re que nt t ur bulence . The s ame not i on ,  

ext ended t o  i nclude the whole b i l l abong , i s  c ons i s t e nt wi t h  a 

p i c t ure of dynamic ,  heteroge ne ous wat erbodie s  (see sec t i ons 8 . 4  

and 8 . 1 0 ,  a nd Ke ssell and Tyler 1 985 ) . 

F o r muc h o f  t h e p e r i o d d u r i ng whi c h  Kul ukul uku wa s 

s t  rat i f i e d  i t s  t he rmal be havi our s t  range l y  p a ra l l e l(; d  t he 

-The l arge decreases , over much of the water c o l umn , in 1 979 are impos s i b l e  
t o  e xp l a i n  o t her t h an a s  a s h i f t  i n  therm i stor c a l i br at i on .  Howe v e r ,  the 
much sma l l e r  temperature drops observed on the other occ a s i on s  are rea l  
e v en t s , me a su re d  w i th the s ame re l i ab l e  mercury thermometer . 

l � _ · 
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c ove r w hich p e r s i s t e d  f or most of the Wet . The l i ly  p opulat ion 

was acc ompanied by dense stands of subme rged mac rophyte s  such as 

Na jas . 

The l i l y  p a d s  se r i ou s l y  re t a r de d w i n d - i n d u c e d  wa t e r  

m oveme nt s , and t he y  and the other macrophytes produce d a steady 

r a i n  of ox yge n-de mand i ng organic de br i s .  Not s u rp r i s i ng l y ,  

i s othermy , accompanied by abundant oxygen unif orml y d i stributed , 

was re stricted  t o  the l i l y-f ree pe r i od (mi d Dry ) (Fig A3 . 7 ) .  

Ve nt i l a t i on of  d e e p e r  wat er  was t hen thorough , a s  i ndicated by 

oxygen c oncent rat i ons of 60% saturat i on at dep th on 6 / 8 / 8 0 (F i g  

A3 . 8 ) . F or all of the l atter  part of the Dry , a s  t he macrophyte 

p opulat i on i nc re a s e d ,  gent l e  t he rmal grad i e nt s we re p re sent 

( F i g s . A3 . 1 , 2 , 9 , 1 0 )  and oxyge n was vi rt ually  absent i n  deeper 

wat er,  or even thr oughout the water c olumn (Fi g .  AJ . 2 ) , and H 2S 

c oul d be p re s e nt . B e c ause of t he l ily c ove r ,  it i s  c ons i dered 

unl ikely t ha t  h ol omix i s  oc curre d dur i ng t h i s p e r i od ,  t h ough 

part ial c i rcul at i on was indicated by changing the rmal gradient s .  

D u r i n g t h e  We t , Re d Li l y  d i f f e re d  f r om a l l  o t h e r  

b i l l abongs i n  that , f irst , it was not flushed by through-fl ow. 

Second , st r ong the rmal grad i e nt s devel op e d  and i n  most c a se s 

t hey we re a c c omp a n i e d  by e qual l y  p r on ounced oxycl i ne s  (Figs . 

AJ . 3 , 5 , 1 2 ) . The bot t om wat e rs we re anoxic and sulphur ous s o  that 

t he b i l l a b ong p r obably remained st rat i f ied throughout the Wet . 

H owever ,  with f l oodwat ers enteri ng ,  i t  wa s unl i ke l y  t ha t  s ome 

i nt rus i on and part ial circulat i on did not take p l ace . 

8. 5 Leicbhardt (refer t o  Appendix 4)  

I t  seems l ikely  that Le ichhardt , the most p r otected of  the 

- Ma g e l a  f l o o d p l a i n  b i l l a b o n g s , e x p e r i e n c e d d e - f a c t o  

strat i f icat i on f or much of the Dry . Morning tempe rat ure prof iles 

(Appe nd i x  4 )  of t e n  i nd i c a t e d  t h a t  s ome de g r e  e o f  t he rmal 

st rat i f icat i on had pe rsisted overni ght . Thi s op ini on is based on 

obvi ous thermal di sc ont inuit ies (e . g .  F i g .  A4 . 1 4 , 22 , 24 ) . 

The shape of t he m or ning prof i l e s  of the uppe rmost 1 . 5 m 

water c olumn varied with season ,  sampl ing t ime re l at i v e  t o  the 

onset of d a i l y  he at i ng , a nd we a t he r  c ondit i ons . Of ten slight 

i nve rse t emp e ra t ure grad i e nt s  we re p re se nt dur i ng t he c o ol  

se a s on (Fi g .  A4 . 1 4 , 1 5 , 22 , 23 ) , apparent ly a c ommon event i n  the 

t rop ics (e . g .  Green et al . 1 978 ; Lewi s 1 9 73 ; Schmi dt 1 9 7 3 ;  Viner 
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1 9 7 0 ) . P r e sumably , thi s was a t rans ient state whe n rate of heat 

l oss  at the surf ace exceede d the rate of c onvect ive mixi ng (cf . 

Le wi s  1 9 7 3 ) , and as such has no obvi ous ec ol ogical impl icat i on.  

The prof i le of  2/5/79 (Fi g .  A4 . 1 2 ) ,  repeatable at several p oint s  

in the bi l l abong , was anomal ous and wit hout ready explanat ion.  

The a f t e rnoon p r of i l e s  a h owe d p r o n o u nc e d  e f f e c t s o f  

dayt ime heat i ng .  U nde r c a l m  c ondi t i ons a n  exp onent ial prof ile 

was produced (e . g .  Fig.  A4 . 1 6 , 27 ) ,  whe re as w i n d  i nduc e d  mi x i ng 

of s u r f ace wat e r  p r oduced a classical t ripart ite  prof ile (e . g .  

Fi g .  A4 . 1 3 , 2 1 , 26 ) . 

The p reval ence of deepwat e r  anoxia during t he Dry seas on,  

desp i t e  the absence of persi stent st able  the rmoc l i ne s , sugge st s 

t ha t  p a r t i a l mixi ng was p reval e nt , but ove rturn unc ommon. In 

s ome years , bot t om anoxia appeared  t o  persi st f or several months 

(e . g .  May-August i nc l us ive 1 980 ) . H owever ,  on othe r occasi ons , 

inc rease s in  bot t om oxygen value s be t we e n  2 p e r i ods of anox i a  

(e . g .  1 4 / 1 0 / 7 8 , 5 / 9 / 80)  i ndicate a n  i ntervening mixing , and i t  

cannot be as sumed that the f ormer case ind i c at e s  unequivocal l y  

that st rat i f icat ion pers i sted over the e nt ire 4 month peri od .  It 

appears t hat ve rt i cal ent rainment i n  l.eichha rdt  wa s suf f fc i e nt 

t o  p re c l u de l a st i ng t he rmocl i ne s  but i ns uf f i c i e nt t o  effect 

wholesale vent ilat ion.  Undoubte dly , this s t a t e  of a f f a i r s  owe d 

much , as i n  Kulukul uku , t o  the c ont i nuous rain of organic de bri s  

from f l oat i ng meadows . Most l ike l y , i f  Le i chha r d t  we re deepe r 

and more prot ected , i t  woul d behave more l i ke Kulukuluku than it 

doe s .  

I n  Le i c h h a r d t  t h e r e w a s  c o n s i d e ra b l e  h o r i z o n t a l  

heteroge neity of temperature and oxygen a t  a ny one t ime .  F i gs . 

2 0  a n d  2 1  i l l u s t r a t e  t h e v a r i a b i l i t y  e nc ount e re d  al ong a 

t ransve rse t ransect just up s t re am of t he ma i n  buoy s i t e  ( see 

F i g .  1 1 )  on one occ a s i on whe n oxyge n was p re s e nt at  dep t h .  

Deepwater  re gi ons at ad jace nt sites  only 1 0  me t re s  apart  c oul d 

o 
d i f f e r  by 0 . 1  C and by more t han 1 0 % s a t urat i on of dissolved 

oxyge n .  The se prof i les  we re noteworthy f or the unexplai ne d  r i s e 

i n  oxy ge n s t atus  of de epwat e r s . Longitudinal t ransects during 

the l at e  Dry 1 980 , (Table 1 1 )  furthe r emphasized that horiz ontal 

he t e r o ge n e i t y  wa s c ommon . sugge s t i ng a8 f or Kul ukul uku . a 

dynamic system of water cel l s . Phyt oplankt on dat a {Ke s se l l  and 

, 
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F IG 20. Va r i a t i on i n  wa t e r  t e mp e ra t u re s al ong a t ra n s ve r s e  
t r a n s e c t a c r o s s  Le i c h h a r d t  b i l l a b o ng o n  9 / 5 / 7 9 .  
Loca t i on of t ransec t i s  shown i n  F IG 1 8 .  

DISTANCE FROM WESTERN aANI( ( "') 
0����10���;2;O;;;;�30���60��40����60����eo���70 

2 

] 3  
% 
t: 
I!: 4 

5 

FIG 21 . V a r i a t i on i n  d i s s ol ve d  oxy ge n c once nt rat i ons al ong a 
t ran sve r s e  t r ans e c t  a c r o s s  Le i c hha rdt  b i l l ab ong o n  
9 / 5 / 7 9 . Locat i on o f  t ransect i s  shown 1 n  F IG 1 8 .  
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::. ..... TAB LE 11 : The dist r i but i on of t empe r s t u re and d i s s olved 

oxygen (
o

C/l sat . )  al ong a long1tudinal t ransect 
in l.e i c hhardt bil labong 1n Oc t obe r  and No"embe r ,  

-:1. 
1 980 . Locat 1 on of sit.s as 1n F ig 1 8 .  

� ( S ITE A B C D 

'- TIM! ( 1 6/ 10/80) 1 0 . 30 11 .00 1 1 . 2 5  12 .00 

DEP11I. (m) 

J 
'':'' 
��  

0 . 1  3 1 . 1 /42 3 1 .4/42 3 1 . 6/42 32.9/72 
0 . 5  30.4/29 30 .5/31  30. 6/27 30. 9/36 
1 .0 29 . 6/24 30.0/20 30.0/ 1 5  30. 3/20 
1 .5 29 . 5/22 29.8/16  2 9 . 8/ 1 1  30 .0/ 1 3  

� . 
• 

2 .0 29 . 5/ 2 1  2 9 . 7 / 1 6  29 . 8/ 1 1  29 .8/9 
2 . 5  29 . 5 / 1 9  29 . 6/ 1 5  29 . 8 . 9  
3 . 0  29.6/ 1 5  29.8/8 ' " 

:;r 3 . 5  2 9 . 8/7 

J TIME 00/ 1 1 /80) 1 3 .05 1 4 .20 1 4 .50 

.1 DEPni em) 

r 't-' i� .q " 

0 . 1  3 3 . 3/76 3 3 . 9/94 33.9/ 108 
0 . 5  3 1 . 8/44 3 1 . 9/84 32 .0/44 
1 .0 30 . 7 /28 30 . 9/47 30.9/39 
1 . 5 30. 4/24 30. 6/33 30 . 7/27 
2 .0 30 . 3/21 30.6/27 30 . 4 / 1 6  
2 . 5  30 . 3/23 30.4/23 30 . 3 / 1 7  -

;'i' � ! 
3 .0 30. 3 . 1 7  30 . 3 / 1 2  
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Tyl e r  1 9 8 5 ) ,� l s o  i nd i ca t e d  t h at dynami sm was the hal l mark of 

Le i chhardt . H oweve r ,  horiz ont al variabi l i t y  wa s n ot s u f f i c i e nt 

t o  ,1-n"8 1 1  date int e rpre t i ng bill abong behavi our f r om samp l i ng at 

a singl e s i t e , s i nce s i gni f i c a nt ve r t i c al d i sc ont i nui t i e s  i n  

t he rmal or  oxyge n charac t e r i s t i c s  we re  repeat able ar ound the 

billabong , although abs olute  value s c oul d diffe r .  

F i g u r e s  A 4 . 7 - 8 , 3 1 - 3 3  s u g g e s t  t h a t  t he i n c om i ng 

fl oodwate rs at  the be ginni ng of the Wet di d not h omoge ni z e  t he 

b i l l a b ong immediatel y .  Rathe r ,  deepwate r  oxygen leve l s  appeare d  

t o  fal l , s u g ge s t i ng t hat o r ga n i c  d e b r i s wa s wa she d i nt o  t he 

b i l l a bon g , c r e a t i ng a short -l ived peak in oxygen demand bef ore 

through-fl ow ei iminated  i s olat i on of wat e r  l aye r s . As t he We t 

p r o g r e s s e d , ' t h r o u g h - f l ow i nc re a s e d  t he oxyge n c ont e nt of 

deepwate r ,  t o  level exceeding 70% . 

8.6 Noarlauga (ref e r  t o  Appendix S )  

B e c a u s e ' of i t s  c o n s i d e r a b l e d e p t b a n d  c omp a r a t i v e  

p r ot e c t  i on ,  t h i  s bi l labong gene ral l y  showe d a thermal gradient 

i n  the morni ngs dur i ng t he m i d -Dry (e . g .  F i g .  AS . 2 , 4 , 1 0- 1 2 ) . 

Ne a r ,  or t ot al , i s ot he r my was re s t r i c t e d  t o  j u s t  a f t e r  t he 

cessat i on of f l ow (e . g .  (F i g .  AS . I ) , on occ a s i ons du r i ng t he 

l at e  Dry (Fi g .  AS . 6 , 1 4- 1 6 ) , and afte r e stabl i shment of through­

f l ow i n  t he Wet ( F i g s . AS . 8 , 1 7- 1 9 ) .  The s t r o n g  e f f e c t s  o f  

d a y t i me h e a t i n g i n  t h e  D r y  we r e  s h ow n  i n  t h e g e ne r a l l y  

e xp one nt i al p r of i l e s  (e . g .  F i g .  AS . l , 4- 6 ) . O n  a n u mbe r of  

oc c a s i ons , t e mp e rat ure r i se s  i n  deepwat er  st rata were rec orded 

o 
(e . g .  AS . 2 , 4 , S ) .  A l arge decrease ( 1  C) in deepwat er  re g i ons was 

r e c orde d dur i ng t he day on 1 1 / 12/79  (Fig .  AS . 6 )  with the f irst 

- i nflux of c ool We t se ason fl oodwate r .  

Oxy ge n p r of i l e s  l ar gely substant iate d t he st rat i f icat i on 

behavi our de duce d f r om t he rmal e v i de nce . Ge ne r al l y , mor n i ng 

t he r m a l g r a d! e nt s  a nd  d i s c ont i nu i t i e s  �e r e  a c c omp a ni e d  by 

d i s t i nc t l y  c l i n ograde oxy gen p r of i l e s , i nd i c a t i ng de f a c t o 

strat i f icat i on ,  and near or t ot al i s ot he rmy c oinc i dent with near 

i s o- oxX . Deepwa t e r  ox yge n c once n t r a t i o n s  be l ow 1 0 - 2 0 %  of  

s a t urat i on were rare , but that Noarl anga d oe s  not bec ome anoxic  

d oe s  not de ny t he e x i s t e nce  of p e r i od s  of s t r a t i f i c a t i o n .  

Ins t e a d , t h i s wa s a t t r i butabl e t o  i t s  ol i got rophic nat ure (see 

Walker & Tyl e r  19 85a F i g .  A2 . 2 ) . The c o i nc i de nc e  of i s ot he rmy 
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and a d i s t inctly cl i nogra de oxyge n  curve , wi th deepwat e r  anoxia , 

on 1 6/ 1 2 /80 (Fi g.  A5 . 1 6 )  was anoma l ous , and p r obabl y re sul t ed  

f r om t he h i gh oxyge n demand of debris  br ought in by runof f at 

the We t /Dry i nte rchange . 

8.7  Jabiluka (refer  t o  Appendix 6 )  

Inspe c t i on o f  e a r l y  m o r n i n g t he rma l p r o f i l e s  a l one 

sugge st s ,  

( 1 ) t hat the billabong was the rmall y  s t rat i f i e d  on s ome 

occasi ons but not on othe rs 

(2 ) t hat i s othermy , or ne a r  i s ot h e rmy , was c omm one r i n  

t he c o ol p art of the Dry (June-August ) ,  and usual i n  

the Wet , 

( 3 )  t hat short pe r i ods of t he rmal s t ra t i f i c a t i on were 

most frequent during the early wee ks of the pry whe n 

• t he b i l l a b o n g  wa s ne a r  i t s  m a x i mu m  d e p t h , and 

• 

• 

• 

• 

• 
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t heref ore more l i kely t o  retain unmi xe d s t rat a ,  and 

when wind st re ngth was at a minimum and t ransve rse t o  

Jabil uka ' s  north-south orientat i on (Fi gs 2 , 3 ) .  La t e r  

i n  t he Dry , w i nds  v ee re d  n ort herly , i ncreasing the 

fetch and maximi sing turbulence . 

The c orre sp onding afternoon p r of i l e s  usual ly showe d either 

the classical t ripart ite  s t ructure (e . g .  Fi g .  A6 . 1 4 )  i nd i cat i ve 

o f  w i nd m i x i ng ,  or a s t r ong , e xp one nt i a l  f orm (e . g .  F i g s . 

A6 . 2 7 , 2 8 )  i ndicat ive of he at i ng unde r calm c ondit i ons . 

Taking morning and afte rnoon prof i l e s  t ogethe r ,  i t appears 

that t here was no persi stent st rat i f i c at i on of t he Kul ukul uku 

t y p e , b u t  p e r i o d s  o f  d a y s  o f  d e  f a c t o s t ra t i f i c a t i on 

i nt e rspersed  wi th cons i de rable m ix i ng i f  n ot h ol omixi s .  The re 

we re s ome small temperature anomal ies , p r i nc ipally a c ool ing of 

bott om waters  during the day (e . g .  F i gs . A6 . 5 , 7 , 1 1 , 2 2 , 2 4 )  ( c f . 

Kul ukuluku and Le ichhardt ) .  

The t he r ma l p i c t u r e  w a s c o n f i r me d  b y  t h e d a t a  f or 

d i s s ol ve d  oxyge n .  I s o-ox i c  or nea r  i s o-oxic c ond i t i ons c oul d 

occur at  most t ime s of the year , and r a re l y  d i d  oxyge n val ue s 

f a l l  b e l ow 2 0 %  of  s a t u r a t i on ,  i n d i c a t i ng t hat p e r s i s t e nt 

deepwa t e r  s t a gnat i o n w a s  r a r e . The  e x c e p t i o n wa s a t  t h e 

be g i nni ng of the Dry whe n ,  wi th d i st i nct seas onal ity , deepwate r 

val ues fell t o  zero or ne a r  z e r o  a s , wi t h  t he bi l l abong most 

, 



l i ke ly t o  experience the rmal st rat if icat i on ,  r ot t i ng macrophytes 

in l i t t oral re g i ons and on t he a d j ace nt f l oodp l a i n  suppl i e d  

oxygen-demanding organic debri s .  

One s h o r t  p e r i o d o f  p e r s i s t e n t s t r a t i f i c a t i on w a s  

demon s t r a t e d  b y  a 5 day samp l i ng i n  May 1 981 , just after the 

annual oxygen minimum.  F i gure s A6 . 3 5- 3 7  sh ow t h at m i x i ng wa s 

l im i t e d  t o  a b out 3 m .  B e l ow t hat leve l , oxygen c oncent rat i ons 

fell sharply bot h  i n  the morning and afternoon. Though the winds 

at this t ime we re strong , they came f r om the east and had l ittle 

e ffect on the northerly orientated billabong . 

S h or t -l i ve d ,  dee pwate r ,  anox i c  c ondit i ons c ould al so be 

experienc e d  a s  t he f i r st f l oodwat e r s  of t he Wet  r e ache d t he 

b i l l a b o n g  ( F i g .  A 6 . 1 0 ;  H a rt and Mc Gre g o r  1 980 - dat a f or 

5/ 1 / 7 8 ) , a s  i n  Le ichhar d t . Panc ont i ne nt al M i n i n g  Lt d .  ( 1 98 1 )  

f ound that during the init ial f il l i ng phase , i nfl owing water did 

not i nduc e s i gn i f i ca nt mixing unt i l  t he bi l l ab ong had r i se n  

s u f f i c i e nt l y  t o  f l ow out of the northern e nd .  Thus , i nit ially ,  

whi l st the f l oodwate r s  a re wash i ng  organic mat e r i al i nt o  t he 

b i l l a b ong , the y we re not yet p romot i ng s i gni f icant mixing , s o  

t hat t he oxy ge n  de mand p r oduce d b y  t he s e d 1 me nt i ng organi c s  

c ould lead t o  deepwate r  anoxia . 
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8 . 8  Jlngalla (refer t o  Appendix 7 )  

I s ot h e rmy wa s ge ne ra l l y  re s t r i ct e d  t o  the hei ght of the 

W e t a n d  t o  t h e c o o l  D r y  s e a s o n m o n t h s  ( e . g .  F i g s .  

A7 . 7 , 1 0 . 1 1 . 1 3) .  On these occasi ons it was ge nerally accompanied 

by i s o-oxy . For the r e s t  of the t ime , t h e rmal g r a d i e nt s  we re 

p re s e nt a nd , t h ough generally sl i ght , we re usually acc ompanied 

by s ome dimi nut i on of oxygen .  It mi ght be t e mpt i ng t o  sugge st 

t ha t  s t rat i f i c a t i on p e r s i s t e d  f or at  l e a s t  a month be t ween 

24 /4 /80 a n d  3 0 / 5 / S0 , bec ause deepwat e r s  were a n ox i c  on both 

occ a s i ons ( F i g s . A7 . s , 6 ) .  H oweve r ,  s ome i nt e rac t i on between 

surface and deepwat e r  st rata must have occ urre d be c ause bot t om 

o 
wa t e r  t e mp e rat ure s dec l i ne d  2 . 5  C over thi s ,  the c ool ing peri od 

(see sect i on 3 . 2 ) . At be s t , st rat i f i c at i on was  a t r ans i t ory 

eve nt in this billabong . 

8.9 Nimbawah (refer t o  Appendix S )  

The l i mi t e d  da t a  f or t h i s  b i l l abong suggested that s ome 

degree of t hermal gradient at dawn wa s c ommon f or muc h  of the 

ye a r . P e r i o d s  of c omp l e t e  i s ot he rmy a nd i s o- ox y  d i d  occur 

howeve r  (e . g .  Fig .  AS . 9 ) .  The t he rmal grad i e nt s  we re ge ne r a l l y  

acc omp a ni e d  b y  s ome diminut i on of oxygen i n  deepwate r  regi ons , 

but deepwater anoxia occured only in  t he e a r l y  We t (F i g .  AS . s )  

and earl y Dry (Fig .  AS . S ) , i n  common wit h  many deepe r bil labongs 

in the reg i on (see Jabi luka ) .  The two af te r n oon p r of i l e s  (Fi g  • 

AS . l , 2 ) i n d i c a t e d  t hat t he e f f e c t s of dayt i me he at i ng and 

phot osynt he s i s  c oul d ext e nd r i ght t h r ough t he wat e r  c ol umn . 

During the Wet , Nimbawah c oul d di splay gent l e  t he rmal gradient s ,  

s ome t i me s  a c c ompa n i e d  by s i gni f i c ant d i mi nut i on i n  oxyge n ,  

_ ,sugge s t ing that f l ow i n  the channel c oul d be sluggi sh .  

8 . 10 Nankeen (refer t o  Appendix 9 )  

The exp osed p o s i t i on o f  t h i s billabong appeared t o  be a 

card i nal f act or i n  its c i rculat i on patter n ,  f or near or complete 

i s othe rmy in  the early morning during th� Dry was f requent (e . g .  

Figs. A9 . 3 , 4 , 7 , 1 2 , 1 4 ) .  That mixi ng norma l l y  oc c u r r e d  r i ght t o  

t he b ot t om (ap p r ox .  4 m )  was i ndicated bot h  by t he tran'sfer of 

dayt i me heat and oxygen t o  those level s (e . g .  Figs . A9 . 3-s ) ,  and 

t he f r e q u e nc y  of ne ar i s o- ox i c  morni ng p r of i l e s  (e . g .  Figs.  

A9 . 3 , 7 , 1 2 , 1 7 ) .  Nonetheless , on many occasi on s  t he re we re sma l l  

v e r t i c a l  d i s c ont i nui t i e s  i n  t he m orni ng t he rma l  p r of i l e s , 

, 



a c c omp a n i e d  b y  s ome d i m i n u t i on o f  ox y ge n ( e . g .  F i g s • •  

A 9 . 5 , 1 3 , 1 5 , 1 6 , 2 2 ) . Du ri ng calm day s , s t r ongl y exp onent i al 

thermal p r of i l e s  could devel op (e . g .  F i g .  A9 . 6 ) . Onl y t w i ce d i d  

ox yge n f a l l  t o  ze r o  in bot t om st rat a (4/7/7 8 ;  6 / 4/ 8 1 ) .  Frequent 

hol omixi s  was the rule f or this  bil labong . 

T h e  p r o f i le s  f or 1 1 / 1 /8 0  and 1 4 / 1 / 8 0  ( F i g s . A9 . 9 , 1 0 )  

i ndicate t hat the f i rst inf l ows of the We t (be tween 1 1 / 1 / 8 0  and 

1 4 / 1 / 8 0  t he wat e r  l evel r ose by 1 m)  did not always homogenise 

the wate r  b ody i mme d i a t e l y ,  a s i t uat i on not e d  i n  many ot he r 

billabongs . 

8 . 1 1  Island (refer t o  Appendix 1 0) 

Al t h ough s u r r ounded on all s i de s by t ree s ,  Island , being 

the bigge st of al l the study billabongs , has the l onge st  f e t ch , 

e sp ec i al l y  i n  r e l a t i on t o  nort he r l y wi nd s ,  and so  was sel dom 

strat i f ie d .  Dawn i s ot he rmy , or ne a r  i s ot he rmy , wa s t he rul e 

rathe r t ha n  t he except i on throughout the f irst half of the Dry 

(e . g  • •  F i gs . A1 0 . 1 , 1 6- 1 9 . 2 4 ) , and was u s ual l y  a c c omp a n i e d  by 

i s o-oxy . Thi s  was clearly shown by the three day samp l i ng in May 

1 981  (Fi gs . A1 0 . 39-4 1 ) .  The n ,  the afternoon exp one nt i a l  t he r ma l  

p r o f i l e s ,  a n d  c l i nograde /exp one nt i al  oxy ge n  p r of i l e s ,  we re 

de graded by ni ght -t ime c ircul at i on t o  the i s ot he rmal and i s o­

ox i c  c ond i t i on of t he dawn s amp l i ng .  Onl y oc c a s i onal l y  was 

flee t i ng separat i on of water  l aye r s  re c orde d d ur i ng t he e a r l y  

D r y  ( e . g .  F i g s . A 1 0 . 2 , 4 2 ) , whe r e  a v e r y  s l i gh t  t he rmal  

o 
d i s c ont i nu i t y  (e . g .  0 . 1 -0 . 2  C )  w a s  s u f f i c i e nt t o  l e a d t o  

s i g n i f i c a nt ox yge n  depl e t i on i n  de epwat e r  s t r at a .  Once , a 

completely i s othermal p rof il e  wa s a c c omp a n i e d  by a d i s t i nc t l y  

- - cli nograde oxygen distribut i on (Fi g .  A1 0 . 1 8 ) . 

During t he lat t e r  hal f  of t he Dry , t ot al i s ot he rmy was 

rare , but s o  t o o we re l a r ge t he rmal gra d i e nt s .  The f ive day 

sampl i ng i n  Novembe r 1 9 78 (Figs . A1 0 . 7- 1 0 )  s h owe d t hat  t he rmal 

grad i e nt s  were slight and t rans ient . U s i ng oxyge n prof i les as a 

guide , t h i s dat a al s o  s ugge s t e d  t hat f r om t he 6-8 / 1 1 / 7 8  t he 

t h e rm a l  a n d ox y g e n  g r a d i e nt s  we re st re ngt he ne d ,  but s ome 

ci rculat i on on the night s of t he 9-1 0/ 1 1 /78  partially vent ilated 

deepwater z one s , causi ng not only s ome re oxygenat i on ,  but sl ight 

modi f icat i on of the the rmal p rof ile . 
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A s  i n  Le i chha r d t . c on s i de ra bl e  hor iz ontal heteroge ne i t y  

ws s demons t rat ed in  Isl and . Whi l st the earl y morni ng sampl ing at 

the regular buoy s i t e  on 29/ 1 0/BO reveal ed 1 s othermy and i s o-oxy 

(Fi g .  AI O . 29 ) ,  the mid-morning s u rvey of f our s i t e s  al ong .  t he 

b i l l a b o n g  ( s e e  F i g .  1 2  f or l oc a t i o n o f  s i t e s )  r e v e al e d  

c onside rable differe nce s i n  both t he rmal and oxyge n p r of i l e s  

(Ta bl e 1 2 ) . O n  7 / 5 / 8 1  morni ng me a s ureme nt s at t he same f our 

s i t e s  revealed that near or t ot al i s ot he rmy was t he rul e , but 

t ha t  t he i s ot he rma l t e mpe r a t ure d i f f e re d  along the bi llabong 

(Table 1 3 ) . The se d i f f e re nc e s  we re c omp ounde d by t he dayt i me 

s u r f a c e  heat i ng but . by t he f ol l owing morning , all f our s i t e s  

o ' 
were i s othermal at 2B . l  C (Table 1 3 )  (al l owing f or the t i me l a g  

be t we e n  s a mp l i ng s i t e s  C a n d  A ,  and i t s  e f fe c t  on s u r f ace 

heat ing ) .  

A s  not e d  f or ma ny b i llabongs , Wet season i nfl ows did  not 

nece s sarily homogeni se the wat e r  c ol umn immediately (e . g .  F i g s • 

A1 0 1 3 , 34 )  (cf . Panc ont inent al, Mi ni ng Lt d .  1 9 8 1 ) .  During pe r i ods 

of t h r ough-f l ow ,  h owe ve r ,  t e mp e r at ure a nd ox y g e n  p r o f i l e s  

i nd i c at e d  a gene rally homogene ous d i st ribut i on (e . g .  Figs . AI 0 .  

1 4 , 1 5 , 3 6 ) , although t rans ient gra d i e nt s c oul d deve l op be t we e n  

f l oodpeaks  (e . g .  F i g . A 1 0 . 3 5 )  and a t  the end of the Wet (e . g .  

Fi g .  AIO . 37 ) . 

I t  appe a r s  t ha t  t he rmal s t ra t i ficat i on if  it occure d in  

t h i s bi l l a b on g , w a s  e p he me r a l  a nd i n f r e q ue nt , but  t h a t  

c l i n og r a d e  oxy g e n  d i s t r i bu t i on s  c ou l d  oc c ur unde r t he se 

c ondi t i ons . Mixing during the f i rst half of the Dry app e a r e d  t o  

b e  e f f e c t e d  by  n oc t urnal ove rt urn and s t e a d y  c i rc u l a t i on , 

whe reas part ial mixi ng , p r omot i ng .s ome de gree of the rmal and 

oxygen gradient s ,  appeared to be dominant during the late Dry . 

8.12  Ja Ja (refer t o  Appe ndix 1 1 )  

Du r i ng t he Dry t he bi l l a b ong was usual ly  i s othermal , or 

nearly s o ,  at the morni ng samp l i ng (Fi gs . Al l . I -3 , 1 1 -1 4 ) .  Oxygen 

c once nt rat i ons we re f a i r l y  uni f orm and usually less  than 30% . 

The se c ondit i ons i ndicated a l ack of any last ing st rat i f icat i on .  

The effect s of heat ing and of phot osynthe s i s  during the day were 

v i s i b l e  i n  t he exp o ne nt i a l  t e mp e r a t u r e  d i s t r i bu t i o n a n d 

cl inograde oxygen prof i l e s  at  the afternoon sampl ing .  Excep t i ons 

we re on I B/ 3/ Bl whe n a dist i nct t he rmal grad ien t at  about 2 m 

, 
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TAB lE 12: The diat r i bution o f  t e mp e rat u re a n d  d i s . ol v e d  

�ygen (
o

C/l • •  t . )  . 1 0ng a l ongitudinal t ranaect • 
in hland b l l l abong in Nove.be r ,  1 980 . Loc a t i o n  
of .1tea . a  I n  Fig 1 9 .  

S In A B C D 

TIME 1 0 .00 1 0 . 40 l l . 20 1 2 .05 

DEPnl (.) • 
0 . 1  3 3 . 2/82 3 3 . 3 / 7 6  33 . 1 / 75 32 . 3 / 7 8  
0 . 5  3 2 . 9 / 78 32 . 6/ 7 7  32 . 5/76 3 2 . 3/8 1 
1 . 0 32 . 5 / 7 2  3 2 . 3/70 3 1 .9/75 3 1 . 9 / 7 4  
1 . 5 32 . 4/66 32 . 1 / 56 3 1 . 6/69 3 1 . 6 / 7 0  
2 . 0  32 . 3/60 3 2 . 0/46 3 1 .4/62 3 1 . 4 / 59 
2 . 5  3 2 . 2/58 32 .0/41 3 1 .4/57 3 1 .4/55 
3.0 3 1 .4/53 • 3 . 5  3 1 .4/49 

• 

TAB U: 13: Temperatures (
o

C >  al ong a longitudinal t ranaect in laland billabong 
on c onsecut ive days In May , 1 98 1 .  Locat i on of a i t e s  as In F i g .  1 9 .  

S ITE A B C D A B C D 

TIME (7/5/8 1 )  09 . 30 09 . 00 08 . 00 08 . 3 5  1 6 . 35 1 6 . 05 1 5 . 1 5 ' 1 5 .00 • 
OEP'nI em ) 
0 . 1  2 8 . 6  2 8 . 5  2 8 . 2  2 8 . 3  30 .0 30 . 4  3 0 . 6  30 . 3  
0 . 5  2 8 . 5  28 . 5  2 8 . 2  28 . 3  29 . 4  29 . 8  29 . 8  29 . 7  
1 . 0 28 . 4  2 8 . 3  2 8 . 2  2 8 . 3  28 .7 2 8 . 9  2 8 . 8  2 8 . 8  
2 . 0 2 8 . 4  28 . 3  28 . 2  28 . 3  28 . 5  28 . 5  28 . 6  28 . 6  
3 . 0  2 8 . 4  2 8 . 3  28 . 1  2 8 . 3  28 . 3  2 8 . 4  28 .4 2 8 . 5  
4 . 0  2 8 . 3  2 8 . 3  28 . 1  2 8 . 3  2 8 . 2  2 8 . 3  2 8 . 3  2 8 . 5  • 4 . 5  2 8 . 3  2 8 . 2  28 . 1  2 8 . 3  28 . 1  2 8 . 3  2 8 . 3  28 . 5  

TIME ( 8 / S /8 l )  09 . 1 5  09 . 00 08 .00 08 . 30 1 6 .20 1 5 . 1 5 1 5 . 1 0  14 .40 

OEP'Ill {m> 

0 . 1  2 8 . 3  28 . 3  28 . 1  28 . 1  30 . 3  30 . 2  3 0 . 9  30 . 3  
0 . 5  2 8 . 2  2 8 . 2  2 8 . 0  28 . 1  2 9 . 0  2 9 . 2  29 . 1  2 9 . 7  

• 1 .0 28 .2 28 . 2  28 .0 28 . 1  28 .5 28 . S  2 8 . 5  29 . 2  
2 . 0  2 8 . 2  28 . 1  28 . 1  28 . 1  28 . 3  2 8 . 3  2 8 . 2  2 8 . 4  
3 . 0  2 8 . 2  2 8 . 1  2 8 . 1  28 . 1  2 8 . 2  2 8 . 1  2 8 . 2  2 8 . 3  
4 . 0  2 8 . 1 28 . 1  28 . 1  28 . 1  2 8 . 0  28 . 1  2 8 . 1 2 8 . 3  
4 . 5  2 8 . 1 28 . 1  28 . 1  28 . 1  2 8 . 0  2 8 . 1 2 8 . 1  2 8 . 2  
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wa s acc omp anied by a drop of 30% in  oxyge n c oncent rat i ons (Fi g .  

Al 1 . 1 6 ) , and on 6/4/8 1  when a sl ight t hermal gradient at about 4 

m c oi nc i de d  w i t h  a drop of 1 5% i n  oxygen sat urat i on value s .  On 

2 8/ 1 2 /1 8  the l owe st oxygen c onc e nt rat i on ( 5 % ) wa s re c or d e d  i n  

b o t t om s t ra t a  (F i g .  A1 1 . 8 ) . None o f  t he se e v e nt s sugge s t e d  

anything other than flee t i ng episode s of strat i f icat i on.  

S. ll Mudginberri (refer t o  Appendix 1 2 )  

Wi th  re spect t o  morph ome t ry , Mud g i nbe r r i  i s  s i mi l a r  t o  

I s l and . Th i s  s i mi l a r i t y  e x t e nds t o  i t s  t he rmal be haviour as 

i s ot he rmy , or ne a r  i s ot he rmy , w a s  t h e d om i n a nt c on d i t i on 

throughout the Dry . 

Thi s  p icture of c omplete l ac k  of t he rma l  s t rat i f i c a t i on 

wa s s u b s t a n t i a t e d  by  ox y ge n p r o f i l e s  wh i c h  i n d i c a t e d  a 

p r onounc e d  t e nde nc y  t o  i s o- oxy . Ra re l y  wa s t h e r e  deepwa t e r  

d e p l e t i on ( e . g .  F i g s . A 1 2 . 6 , 1 7 ) . The oxycl i ne e v i de nt on 

1 9/ 1 0/ 78 (Fig .  A1 2 . 6 ) acc ompanied by a gent l e  thermal gra d i e nt , 

p os s i bl y  r e s ul t e d  f r om an increase d oxygen demand in  deepwate r  

st rata caused by a n  algal bl oom occurri ng a t  the t ime .  

As d i s c u s s e d  by Panc ont i nent a l  Mi n i ng Lt d .  ( 1 98 1 ) ,  the 

f i rst f l ows of t he Wet exagge rat e d  t he rmal g r a d i e nt s ,  � s t he 

c ool i nf l ue nt wat e r s  unde r l ay bi l l a b ong wa t e r  (e . g .  Figs . A 

1 2. 1 0 , 24 ) . S t r ong throughfl ow then l e d  t o  wel l -mixed c ond i t  i ons 

(e . g .  Fi gs . A1 2 . 27-29 ) .  

S .14 Buffalo (refer t o  Appendix 13 ) 

B u f f a l o ,  a s m a l l ,  s he l t e r e d  b i l l a b o n g  a d j a c e nt t o  

Mud g i nbe r r i  was samp l e d  f or one ye a r  ( 1 9 7 8 )  onl y .  W i t h  one 

e xc e p t i o n ,  i t  w a s  i s o t h e r ma l  or ne a r l y  so a t  t he morni ng 

sampl i ng ,  and oxygen wa s uni f orml y d i s t r i but e d  at r e l a t i v e l y  

h i g h ( 40-60% ) c oncent ra t i ons . In t h i s  re g a r d , i t  re sembl e s  

Mudgi nbe rr i cl ose l y .  

The one except i on was the morning o f  2 9 / 1 2 /7 8  when between 

4 m and 4 . 7  m the oxyge n d r op p e d  f r om 6 5 %  t o  1 2 % ,  c oncur rent 

w i t h  a s l i ght i ncrease in  temperat ure . S i nce the fl oodwaters  of 

the Wet had al ready entered  t he bil labong by t h i s da t e , i t  wa s 

l i kel y  t hat the distinct bot t om stratum resulted from a denser , 

oxygen-demandi ng ,  inf l ow rather t han t he t he rmal be hav i our  of 

the bil l abong i t sel f . 

, 



8 . 1 5  The backf l aw  bi llabongs - Ge orget own . Coonj imba , Gul ungul , 

Cornd orl . UabungbuD8 . Goanna (cbannel /backflow) . (refer t o  

Appendix 1 4 )  

The backf l ow b i l l abongs we re a l l  t oo shal l ow t o  exhi bit 

more than occas i onal , s h or t -l ived  pe r i od s  of  s t r at i f i c at i on .  

D u r i ng t h e W e t  t h e y  o f t e n  d i s p l a y e d a t h e r m a l  g r a d i e nt 

c on s e que n t  o n  i n f l ow o f  c o o l e r ,  c r e e k  wa t e r . S i nc e  t h e 

s t rat i f i c at i on be hav i our  of a l l  bac kfl ow billabongs was ve ry 

similar , one , Gulungul , w i l l  be d i s c u s se d and any exc e p t i ons 

ment i one d s ubsequently . 

In Gul ungul , a t  n o  t ime dur i ng the  Dry was t he r e a ny 

e v i dence  of t he rmal st rat if icat i on at the morning sampl i ng .  The 

phenomenon of i nve rse t emperat ure st rat i f icat i on was detected on 

a f e w  occ a s i ons , not ably 9 . 7 . 7 9  and 2 1 / 5/80 (Figs . AI 4 . 1 1 , 1 9 ) . 

As discussed p revi ously (sect i on 8 . 5 ) , t hi s  p re sumabl y re sul t e d  

when the rat e of surface cool i ng exceeded  t he rate of c onvect ive 

mixing , and was characteristic of c al m ,  s h e l t e r e d  c ond i t i ons . 

T h i s s a me c a l mne s s  c oul d l e a d  t o  i mp re s s i v e  e xp one nt i al 

temperature gradient s by afte rnoon , with a t e mp e r a t ure dec l i ne 

o 
of  ove r  1 0  C p os s i bl e  in the f irst 0 . 7  m (e . g .  F i g .  AI 4 . 7 ) . At 

other t ime s , mixing br ought a b out by l i gh t  wi n d s  r e s ul t e d  i n  

c l a s s ica l  t r i p a r t i t e  the rmal p rof iles  by afte rnoon (e . g .  F i g .  

AI 4 . 1 0 , 1 8 ) , and often led  t o  dayt i me he a t  p e ne t r at i ng t o  t h e  

bot t om (e . g .  F ig .  AI4 . 1 , 26 ) . 

In the mornings , oxygen was usual l y  h omoge n i o u s l y  d i s t r i but e d  

i ndicat ing nocturnal mixing . Value s  were usuall y  rel at ively  high 

(50% ) ,  excep t  at t ime s in  the early Dry (e .. g .  F i g s . AI 4 . 1 0 , 2 0 )  

. - ( 3 5 % ) whe n mac r ophy t e  dec omp osit i on was i n  p r ogre ss . The usual 

e f fect of dayt ime phot osynthesi s wa s a p r on ou nce d gra d i e nt of  

oxy ge n f r om s urfa ce  t o  bot t om (e . g . Figs . A14 . 3 , 5 , 20 ) .  On  s ome 

oc c a s i ons ( e . g .  F i g .  A I 4 . 2 7 )  t he re wa s a u n i f o r m  i nc r e a s e  

thr oughout most of t he profile . 

Isothermy , or nea r  i s othe rmy , wa s rare d ur i ng t he Wet . 

Rat he r , t h e rmal gr a d i e nt s  we re usual ly  evide nt in the morning 

(e . g .  F i g s . A I 4 . 1 5 , 1 6 , 2 6 , 2 7 ) , r e sul t i ng f r om c ool i nf l ue nt 

wat e r , f r om e i the r Gul ungul C r e e k  or t he Mage l a ,  underlying 

billabong wate r .  F or example , on t he 1 7 / 2 / 8 1 , Magela wat e r  just  

up s t ream of the confluence with Gul ungul Creek (gauging stat i on 
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82 1 009 ) wa s h omothe rmal a t  2 8 . 4  C ,  whe rea s s u r f a ce  wa t e r  i n  

o 
G u l u n g u l  a t  da wn 1 7 / 2 / 8 1  wa s 2 9 . 3  C ,  and bot t om wa t e r  wa s 

o 
28 . 7  C .  Being a backfl ow billabong , Gul ungul expe rienced peri ods 

of re l at ive st agnancy duri ng the We t ,  depe nding on water level 

in the Mage l a  and i t s  own sma l l  t r i but a r y , s o  t hat the heat 

c ont e nt of the bi ll abong c oul d rise app rec i ably relat ive to the 

c reeks . Thi s  was i l l ust rated by the t emp e r a t u re s  i n  May 1 9 8 1 , 

a f t e r  bac kf l ow had c e ased f or the season , but whi le the Magel a  

was s t i l l  f l owing. At G . S . 8 1 2009 , surface wat e r  i n  t he Mage l a  

o 
was  2 8 . 9  C ,  whe re a s  t he bi l l a bong was v i rt ually  i sothermal at 

o 
30 . 4  C .  Thus influent water during the Wet would general l y  have 

b e e n  c ool e r  than t he e x i s t i rlg bi l l abong wat e r ,  c re a t i ng or 

exagge rating a the rmal g r a d i e nt , p r ov i d i ng t he t urbul ence of 

i nfl ow was i nsuf f i c ient t o  mix new and ol d wat e r .  

S omewhat c ont rary t o  t he situat i on i n  Gulungul , Ge orget own 

a n d  G oanna c oul d expe r i e nce  f l e e t i ng e p i s ode s of Dry se ason 

st rat i f icat i on.  During the September and Oct ober 1 9 78 sampl i ng s  

( F i g s . A I 4 . 3 1 , 3 2 )  o n  f o u r  o c c a s i o n s  d u r i n g 1 9 8 0  (F i g s .  

AI 4 . 33 -3 6 ) , a nd i n  May 1 9 8 1  ( F i g .  A 1 4 . 3 8 ) , s ome d e g r e e  o f  

t he rmal s t rat i f i c a t i on .  mi r r ore d b y  s ome oxygen deplet i on i n  

bot t om wat e r ,  was de t e c t e d  i n  Ge orge t own . H owe ve r ,  deepwa t e r  

oxyge n v a l ue s  neve r d r op p e d  be l ow 30% , sugge s t i ng that bot t om 

wat ers were not out of c ontact with t he atmosphere f or l ong . On 

o t he r occ a s i ons (e . g .  F i g .  A 1 4 . 3 7 )  a c l i nograde oxygen curve 

acc ompanied an i s othe rmal p r ofile , and on 4 / 7 / 8 0 (F i g .  A1 4 . 34 ) 

i s o-oxy was c oi nc i dent wi th  a thermal gradient . 

The short -term s t rat i f i c at i on n ot e d  i n  G oa nna wa s more 

p r onounc e d  than i n  Ge orget own , which was perhap s not surpri s i ng 

given i t s  more abrupt morphome t r y .  On  1 0 / 7 / 7 8 ( F i g .  A1 4 . 3 9 ) 

o 
t he re was a 0 . 9 C drop between 0 . 5  m and 1 . 9 m acc ompanied by a 

drop f r om 70% t o  20% in  d i s s olved oxygen .  On the morni ng of t he 

1 6 / 7 / 8 1  ( F i g  A1 4 . 4 0 )  t he t he rmal gra d i e nt i nvolved a drop of 

o 
0 . 5  C ,  whil st the oxycl i ne i nvolved a dec l i ne f r om 43% t o  8% . 

8 . 16 Mine Valley (refer t o  Appendix 1 5 ) 

As not e d f o r t h e b a c k f l ow b i l l a b o n g s , M i ne V a l l e y  

d i spl aye d a ma rke d t e ndency t o  i s ot he rmy and i s o- oxy i n  the 

, 



mor n i ng prof i le s .  Dayt ime heat ing and phot osynt he s i s  ge ne ra l l y  

p r o duce d  s t r ongl y e xp one nt i a l p r of i l e s  i n  t he Dry , and t he 

effect s of these da ily event s  of t e n  e x t e nd e d  t o  t he bot t om of 

th1 s shal l ow billabong .  

U nf ortunately , dawn data f or the We t i s  l ac k i ng , but t he 

ava i l abl e e v i dence  sugge s t s  that  i s ot he rmy and l s o-oxy c oul d 

have been a freque nt eve nt during thi s pe r i od .  Th i s  woul d not be 

surp r i s i ng give n that t h i s  b i l l a bong wa s really nothing more 

than a shall ow dep re s s i on on t he e d ge of t he f l oodpl a i n ,  and 

thus subject to shee t f l ow .  

8 . 17 Bowerbird (re fer t o  Appendix 1 6 ) . 

B owe r b i r d  wa s s ome t h i n g o f  a s p e c i a l  c a s e , be ing  a 

billabong which f l owed thr oughout the year . Acc ordingly , morning 

t e mp e ra t ure p r of i l e s  we re a lways i s othe rmal . The e f fects of 

dayt ime heat ing were evident at the afte rnoon sampl i ng . On mos t 

occ a s i ons  oxy ge n  was u n i f ormly d i s t r i but e d .  On two occasions 

sli ght dimi nut i on i n  bot t om wat e r s  oc c urre d ( F i g .  A1 6 . 5 , 8 ) , 

p os s i bl y  c au s e d  by oxy ge n-deman d i ng i nf l ows  af t e r  the f irst 

st orms of the Wet . The l ack of app re c i a ble  oxyge nat i on duri ng 

t he day e mp ha s i z e d  t he ol i got rophic nature (see Walker & Tyle r. 

1 985a ; F i g  Al . 2 )  of thi s billabong . 

9 .0 DISaJSS ION 

In t he All i gat or Rive rs  Re gion ,  strat i f i cat i on can only be 

e xp e c t e d  dur i ng t h e  Dry , whe n t he b i l l a b on g s  have no f l ow .  

Du r i ng t h i s  s t udy , c l e a r  e v i d e n c e  of  p e r s i s t e n� t he rmal  

st rat i f i cat i on of the temperate type , in  whi ch t he bot t om waters 

are i s ol at e d  from surfa ce  wat e r s  and at mosphe r i c  c ont a c t  f or 

l o n g  p e r i od s , h a s  n o t  b e e n  f ou n d . Ra t he r ,  a part i a l  but 

c ons i de rable i s olat i on of wate r  masse s app e a r s  t o  be p reval e nt 

i n  s ome b i l l abongs at var i ous t ime s of the year , with at tendant 

phenomena such as anoxia and product i on of R2
S .  In mo st , anox i a  

i s  a r a r e  e v e nt . The bill abong which approximate s  most c l osely 

t o  the tempe rate model of st rat i f i cat i on is Kul ukuluku . 

B e c a u s e , at t r op i c al t e mp e ra t ure s , sma l l t empe r a t ure  

differe nces  produce cons i derable density  gradient s  (p yc noc l i ne s  

s e nsu De nny ( 1 9 7 2 » , s l i gh t  t he rmal d i s c ont i nuit ie s  confe r  a 

stabi l ity  of st rat i f icat i on which woul d re q u i re  a c ons i de rabl y 
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g re a t e r  t e mp e ra t u r e  range i n  t e mp e r a t e  regi ons . H owever , the 

ac t ual de nsity change ac r os s  the rmocl i ne s  1 n  tempe rat e l ake s i s  

g r e a t e r  t h a n  i n  t r op i c a l  r e g i ons ( Lewi s 1 9 7 3 ; 1 9 82 ) because 

t he r e a r e  muc h  l a r g e r t e m p e r a t u r e  g r a d i e n t s  i n v o l ve d .  A 

c omp a r i s on of sma l l , sha l l ow t r op i c al l ake s w i t h  c omparable 

tempe rate lake s (Table 1 4 ) emphasizes t hi s  p o i nt , due i n  l a r ge 

m e a sure t o  t he g re a t e r  s e a s onal range of a i r  t e mp e rature i n  

t e mperate l at i t ude s .  

As a c orollary of t he c onsi de rable de ns i t y  change s br ought 

about by small tempe rat ure change s i n  t r op ical l ake s , c onvect i on 

c u r r e nt s t ri gge red by noct urnal c ool i ng are of t e n  suf f i c ient t o  

i nt rude i nt o  deepwater re gi ons and p e rhap s p re c ip i tate ove rt urn 

( Rut t ne r  1 9 6 3 ) . Eve n f or h i gh l y  s t r a t i f i e d  temperate lake s a 

d ownwa rd f l ux of he a t  a c r o s s  t h e r m oc l i n e s  h a s  l o ng be e n  

r e c ogni z e d  (H ut c h i n s on 1 9 5 7 ) . Mol e c u l a r  d i f f u s i on al one i s  

usual l y  i nsuf f ic i e nt t o  account f or observe d rat e s  of t ransf e r ,  

a n d  e n t r a i nme n t  o f  w a r me r w a t e r  i n t o  t h e  h yp ol i mni on by 

t u rbul e n t t r a n s p o r t  ( v e r t i c a l  e d d y  d i f f u s i v i t y  o r  e d d y  

c onduc t i v i t y )  i s  i mp l i c a t e d  ( Imbe rge r and Hebbert 1 980 ) . Thi s  

t urbule nt exchange be tween surface and deepwat e r  z ones , whi l st a . . 
t h e r m a l  g r a d i e n t i s  m a i n t a i ne d , i s  p re va l e nt i n  t r op i c al 

wate rbodie s , with t he i r  relat ively sl i ght pycnoc l i ne s  (Tabl e 1 4 ) 

a n d  c onse quent l e s s e r  s t a b i l i t y .  In lake B r okop ondo,  S ur i nam , 

van de r He i de ( 1 9 7 8 ) f ound f requent i ndicat i on s  of i nt e rchange 

w i t h  dee pwat e r  re g i ons , a l t h ough i s ot he rma l c ond i t i ons were 

rare . In Af ri c a , Ime v b ore ( 1 9 6 7 ) and V i n e r  ( 1 9 7 0 ) f ound t hat 

s l i ght oxyge nat i on « 2% ) of usual ly anoxic hyp ol i mni a occurred 

. _ d� spite pe rsistent t he rmocl i ne s .  In the Gua t e ma l a n  l ake s Yaxha 

a n d  S ac nab , De e v e y  !£ a l . ( 1 9 8 0 )  f ound s im i l a r  e v i de nce f or 

d ow nw a r d  m i g r a t i o n o f  o x y g e n d e s p i t e  m a i nt e na nc e  o f  a 

t h e r m oc l i ne .  The p oi nt i s  e mp ha s iz e d  by B e a d l e  ( 1 9 7 4 ) who 

sugge s t s  that the hyp ol imnia of both temp orarily and permanent ly 

s t rat i f i e d  t r op i c a l l ake s a re onl y ' relat ive l y  st agnant ' .  The 

b i l l a b ongs of t he Re g i on p r e s e nt a c ont i nuum o f  i nc re a s i n g 

f re que nc y of t h i s t urbulent exchange , mani f e st e d  by decreasing 

pe rmanence of the rmal st ructure and atte ndant oxygen deplet i on -

de fact o st rat i f icat i on .  

, 
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TAB I.E 14: COIIp a r i son of de nai t y  d i f f e ren: e s  between t op and bot t om  wat e r s  f o r  sel ected t rop ical and c ompa rable t ellpe rat e l akes . 

MAX . TEMP . RANGE TEMP . DENS ITT 
WATERBODY LOCATION ZONE DEPm DATE OtANGE OtANGE SOORCE 

(m ) ( oC ) ( oC ) (x 1 0-1.
) 

Kul ukul uku b i l labong N . T  • •  Aust .  Trop i cal 7 . 5  1 6/9/61 2 8 . 3- 25 . 5  2 . 6  7 . 7  Tht s  report . 
Da rw i n  Rive r Dam N . T . , Aust . Trop i cal 1 6 .0 Dry season 2 8 . 4-25 . 6  2 . 6  7 . 2  B o l a nd  and Al l e n  (unpubl . ) 

Kant on Dam N .T. , Aust . Trop i cal 1 2 . 0  Dry season 3 1 . 1 -25 . 9  5 . 2  1 5. 0  Roland and Al l e n  (unpubl . )  

Lago d o  Casthano Allin on. B raz 1 1  Trop I cal 1 1 . 0 29/5/69 2 9 .9-27 . 3  2 . 6 7 . 5  Schaldt ( 1 9 7 3 )  
Ame ri cana Res . S a o  Paul o ,  B raz i l  Trop ic a l  9.0 28/8/74 2 1 . 5 -20 . 0  1 . 5  3 . 2  Froehl ich e t  al . ( 1 9 7 8 )  
Barra Bon i t a  Res .  S a o  Pau l o ,  B raz i l  Trop ica l 1 7 . 0 Nov . 1 979 2 6 . 7 -22 . 5  10 . 2  1 0 . 6  Kat suaura-Tundts l  e t  a l . ( 1 98 1 )  

L. Juleque Peten, Gautemal a Trop ical 2 3 .0 July 1 969 2 6 . 0-2 2 . 9  3 . 1 1 . 8  B rezonlk and F ox  (19711 
Ase jl re L. NI ge r t a  T rop i c a l  1 3 .0 1 1 /4 / 7 5  30 . 3-25 . 5  4 . 8  1 3 . 6  Egbore ( 1 9 78) 
L .  Eke l ye l e  Ni ge r ia Trop i c a l  1 0 . 0  March 2 9 .4-2 5 . 8  3 . 6  1 0 . 1  llIevbore ( I  96 7 )  
Pe rched L. Taamanla , Aust Te "'l'e rat e  1 2 .0 2 3 / 2/ 7  7 2 2 .0-8 .0 U .O 20 .8 K i ng and Tyle r ( 1 980) 
L. El u s i ve V i c  t ort a .  Aust Tempe rat e  2 \ . 0  S U\DlDe r  2 1 . 5- 1 0 . 5  1 l . 5  1 7 . 7 T l 1mS ( 1 97 3 ) 
L. Aroa rotamahtne New Zealand Tempe rate 22 . 5 1 5- 20/ 1 / 58 2 3 . 5- 1 2 . 0  l l  • .'> 20.8  B ayl y ( l 9(2 ) 
To .. Wal lac e L. Kentuchy . U .S . A .  Tempe rat e  6 . 0  3/8/ .'> 1  2 8 .0-8 . 9  1 9 . 1  3.'> . 5  Ids 0 and Col e ( 1 973) 
Li t l e  Cr ooked L. Indi ana . U .S . A .  Tempe rat e  1 3 . 0  1 81 7/64 28 .0-6 • .'> 2 1 . .'>  36 . 9  Wet z el ( 1 9 75 ) 
U t t l e  Round L .  Ontari o ,  Canada Tempe rate 1 6 . 0  2 2 . 5-4 .0 1 8 . 5  2 3 . 2  Wet z e l  ( 1 9 7 .'»  
L .  2 2 7  E LA ,  Canada Temp e ra t e  1 0 .0 8 1 7 / 7.'> 2 3 . 1-4 • .'> 1 8 . 6  24 . 5  Quay et al . ( 1 980 ) 
L. 224 ELA , Canada Tellpe rate 24 . 0  2 7 /6 / 7 6  1 9 . 0-6 .0 1 3. 0  1 5 . 4  Quay et al . ( 1 980 ) 
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At one end of the c ont i nuum i 8  Kul ukul uku whe re 8 s t r ong 

t h e r m oc l i ne appa r ent l y  pe r s i s t e d  ove r  t he latter  hal f of the 

Dry , w i t  h a n ox i a and H 2 S t he n a p e r ma n e n t f e a t  u re o f t h e 

dee pwat e r .  H oweve r ,  during thi s peri od c ons ide rable temperat ure 

r i s e s  t ook place in the hyp ol imni on . It i s  c on s i d e red  t he onl y 

e x p l a n a t i o n f o r t h e s e  c o n t r a d i c t ory phe n omena i s  l i mi t e d  

t ur bul e nt e nt rai nme nt o f  s u r f a c e  wat e r  i nt o deeper  s t r a t a ,  

i nc u r s i ons suf f i c i ent t o  cause incremental r i se i n  tempe rat ure 

b u t  i n s u f f i c i e nt t o  c a u s e  c omp l e t e  d i s r u p t i o n o f  t h e 

the rmoc l i ne ,  and i nsuf f i c i e nt t o  alleviate the anoxic c ondit i on.  

Though other billabongs d o  not st rat i f y l ike Kul ukul uku , 

t he same hydrodynami c p r oc e s s e s  operate . Most at some t ime or 

other show evidence of gre at e r  or l e s se r  p e r i od s  of de f ac t o  

s t rat i f i c at i on .  Most show horiz ontal and t emporal vari at i on in  

the rmal st ruct ure , indicat i ng a dynam i c  mosa i c  of wat e r  c e l l s  

re sul t i ng f r om l ocal ized turbule nce . Eckhart (quoted by Mort imer 

1 9 7 4 )made t he d i s t i nc t i on be t we e n  s t i rr i ng and mi xing , t h e  

f orme r c au s e d  by l a rge scale i nfluence s ,  t he latter by patche s 

of t urbulence . Mort imer ( 1 9 7 4 )  sugge sted t h a t  the a f t e rma t h  of 

t he l a t t e r  w oul d be a v e r y  c omp l e x  de n s i t y  s t ruc t ure , or 
' mic r ost ructure ' .  Thi s appears to be c ommon i n  the sma l l  l ake s 

of t he t r op i c s  (Rai a nd H i l l  1 9 8 1 ; S c hmi dt 1 9 73 ) ; Thomas and 

Ratcl i f fe 1 9 7 3 ) , and is similar i n  many re spects  t o  the the rmal 

behavi our of e p i l i mnet ic  re g i ons of  large t ropical lakes , such 

as Lake Lanao ( Lewi s 1 9 7 3 ) . In t he Al l i gat or Rivers Re g i on ,  

Le i c hhardt i s  pa rt i c ul a r l y  he t e r ogene ous , bot h  i n  temperat ure 

and i n  plankt on distribut i on (Ke s sell  and Tyle r  1 985) . 

I t  i s  c l e ar t hat ne i the r  t emperat ure n or oxygen on the i r  

own g i ve c l e a r  i nd i cat i on of  t he d e g r e e  o f  p 'e rmane nc e o f  

s t rat i f i c a t i on i n  shal l ow t r op i cal  wat e rs . Whe n t he two are 

c onside re d  t ogether , paying due regard t o  d i ur nal phe nome na i n  

e ach case , a better judgeme nt i s  p ossible . Ce rtainly , c ongruence 

of t he rmoc l i ne and oxyc l i ne at dawn i s  s t r ong  e v i dence f or de 

f ac t o s t rat i f i c a t i on .  In t he t r op i c s ,  e v e n  a short pe ri od of 

s t r a t i f i c at i on ,  a ma t t e r  of days , ha s be a r i ng on i mp ort a n t  

e c ol o g i c a l e v e n t s s u c h  a s  ox y ge n d i s t r i but i on ,  nut r i e nt 

ava il abil i t y  and the redox state of the waters . 

, 



Th ou gh m o s t  b i l l abongs d o  not expe rience the l ong per i ods 

of deepwate r anoxia , common in the tempe rat e  z one , ne i t he r  are  

s u r f ac e  waters sat urated  with oxyge n ,  8 S  i s  usual f or temperate 

l ake s .  Oxyge n is fre q ue nt l y  r e d uc e d  t o  50% of sat urat i on .  or 

l e s s , a t  n i ght and seasonally , when macrophytes  rot , the ent i re 

water  c olumn may be anoxic or ne a r l y  s o ,  a s  on t he Nourl an g i e  

f l oodplai n .  The nat ive fauna must be wel l  adap ted and f r om f ie l d  

observat i ons  f i sh surv i ve i n  t he v i r t ual  a bs e nc e o f  oxyge n .  

H owever the se c ond i t i ons must be stre ssful t o  ae robic organi sms , 
1 .... i . . � . ' . ('" 

and i ncre ase the i r  susceptibi l it y  t o  t oxi ns . 

The clear impl icat i ons f or heavy met al availabil ity of the 

st rat if i cat i on charact e r i st i c s  of Ma ge l a  Cre e k  b i l l ab ongs a re 

t hat s i nc e  persi stent anoxia i s  rare there i s  l ittle  l ikel ih ood 

of massive mobi l i sat i on of me t a l s  i n  s ol ubl e f orm unde r l ow 

r e d ox c ond i t i ons . Thi s i s  not  t rue f or Kulukuluku and perhaps 

s ome othe r Nourlangie bill abongs and eve n in  the Mage l a  s y s t e m ,  

ac ount mus t  be t ake n of i nt e rmi t t e nt , short p e r i ods of anoxia . 

In  this re gard , the c r i t i c a l  t i me i s  t he e n d  of t he We t whe n  

mac rophyte s decompose , and t he c ri t i cal billabong i s  Le ichhardt , 

w i t h  i t s f r e q u e nt  e p i s od e s o f  a n ox i a .  The  c on s i d e r a bl e 

e c ol og i c a l  dynami sm of wat e rbod i e s  of the Re gi on preclude s easy 

p redict i on of the i r  behav i our . If it  is not p ossible t o  p r e d ic t  

h ow t he y  w i l l  behave during a st udy , then i t  will be necessary 

t o  f i nd out how they are behav i ng .  by suit able moni t oring .  
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Tempe rature and oxygen p rofiles In Kulukuluku billabong. 
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FIG. A 1 (cont.) 
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APPENDIX 2 
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Tempe rature and oxygen p rofiles i n  Woolwonga billabong . 
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APPENDIX 3 

Temperature and oxygen proftle s tn Re d Lily billabong . 
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APPENDIX 4 

• 

Tempe rature and oxygen p rof iles in Le ichhardt billabong . 
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FIG. A '"  (cont.) 
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FIG. A 4 ( c ont.)  
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Tempe rature and oxygen p rofiles in Noarlanga bi llabong . 
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