Australian
Inland Waters
and their Fauna
Eleven Studies
Edited By A. H. Weatherley

Australia’s inland waters are inhabited
by an interesting and unique fauna
little known even to biologists. The
eleven essays in this book are authori
tative studies on various aspects of this
fauna and its environment.
The book surveys, first, the inland
waters, their main climatic and topo
graphic influences and chemical char
acteristics, and their classification.
Then follow studies on the crustaceans,
molluscs, amphibians, and fishes that
inhabit the waters. The concluding
section deals with some of the effects
wrought by European man on both
the animals and their environment.
It is a book that will appeal to
research workers and teachers; to
students; to naturalists, conservation
ists, and anglers; to all with broad
interests in the living world that sur
rounds them.

$A10.50
Printed in Australia

This book was published by ANU Press between 1965–1991.
This republication is part of the digitisation project being carried
out by Scholarly Information Services/Library and ANU Press.
This project aims to make past scholarly works published
by The Australian National University available to
a global audience under its open-access policy.

Australian Inland Waters
and their Fauna

Australian Inland Waters
and their Fauna
Eleven Studies

Edited by A. H. Weatherley
Senior Lecturer in Zoology
Australian National University

AUSTRALIAN NATIONAL UNIVERSITY PRESS
CANBERRA

First published 1967
Copyright. Reproduction in whole or part,
without written permission of the publishers,
is forbidden
Text set in 10/11 point Linotype Times Roman
and printed on 85 gsm Burnie Antique Wove Printing
by Halstead Press Pty Ltd, Sydney
Printed and manufactured in Australia
Registered in Australia
for transmission by post as a book

National Library of Australia reg. no. AUS 67-888

Preface

Ten years, even five years, ago this book could not have been written. This
does not mean to say that the inland waters of Australia and their
fauna had never previously been considered or described. Indeed, early
descriptive studies of the aquatic fauna— fishes, insects, crustaceans, in
particular—had led many biologists to a rapid realization of its unique
features. But like most field studies of Australian animals at anything
beyond the stage of simple natural history (with the exception of animals
of acknowledged economic importance, such as sheep, cattle, marine fish,
many insects), the development of this work was retarded by the relatively
high operating costs. Australia is a very large country with a very small
population; distances are huge, communications have been very difficult,
and even now travel is far from cheap. Field stations and laboratories on
the sites of interesting hydrobiological areas— a commonplace in the
civilized parts of the Northern Hemisphere—were, and still are, mostly
non-existent, except for a few on coasts and islands.
Most universities had not the means to mount serious field investigations
necessitating the use of vehicles, expensive field equipment, research and
technical staff, or to pay for the corresponding aquarium and laboratory
space needed in their biology departments for sustained and detailed study
of organisms collected in the field and brought back alive. Even though
anglers have esteemed the fish of our inland waters since the earliest settle
ment of Australia and they are considered to be of, at least, semi-economic
importance, it is only within the last fifteen years that, particularly in New
South Wales, Victoria and Tasmania, much detailed study of them has
been undertaken.
However, though they may not have been in a position to do much about
it, many biologists were well aware of the existence of fascinating animals
in our lakes and rivers, the characteristics of which are as much the result
of Australia’s isolation from other large land masses as are, for example,
those of the much more famous marsupials of the terrestrial fauna. Further
more, though few accounts existed of the hydrographic and limnological
characteristics of our inland waters, there was general awareness that they
differed in a number of ways from most other such waters of the world.
The arid climate that dominates Australia’s economy, appearance, and
geography also imposes rather strange conditions upon the inland waters
and their inhabitants.
Consider, for example, the rivers of the Murray-Darling complex,
flowing west from the Eastern Highlands. Though they rank high among
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the world’s rivers for total mileage, they rank extremely low in terms of
volume flow. In addition, Australia’s average rainfall is very low and also
very variable. As a result, in many places runoff may not occur for months
(sometimes years) at a time, but then, for relatively short periods, may
reach quite awe-inspiring dimensions. At these times the tendency for
massive discharge will be assisted by the characteristically sparse plant
cover, made the worse in all too many instances by careless pastoral and
agricultural practices since European settlement.
It becomes apparent that animals adapted to such inland waters as the
rivers, lakes, and lagoons of Australia must be readily able to tolerate
wide fluctuations in physical and chemical conditions in the aquatic
environment and, in some instances (e.g. among the river fishes), to show
well-marked adaptations to such special conditions as massive, periodic
flooding.
Australia’s long zoogeographic isolation has not always worked to
produce complete uniqueness in its hydrobiology. Our marine coas;tal
fishes are in many ways extremely similar to those of other southern
hemisphere coasts. On the other hand our native freshwater fishes are
unique (see chapters 1, 8, and 10).
Crustaceans and insects of the inland waters are a miscellany. Among
the former there are evidences of arrivals from the north and the west,, as
well as many instances of a high degree of endemicity and radiation at
the species level, and some among the higher taxa. Many of the insects
may be readily located within northern hemisphere families, but thiere
are also unique and primitive representatives in this fauna. In some ways
the molluscs would most reassure a visitor from the north by their seemiing
familiarity, but a closer look shows that these, too, have their special
antipodean characteristics. Because of its size, Australia has provided an
excellent stage for large-scale natural experiments in evolution, distribu
tional ecology, and zoogeography.
Almost every general principle relating to what I have written has b>een
known to biologists for a long time. It is, therefore, not surprising tthat
problems of such fascination should come under detailed scrutiny w/hen
sufficient personnel and funds could be obtained for them, as has fimally
happened in recent years.
Though many of Australia’s institutions of research and higher learming
(universities, museums, State-financed laboratories) still have a long way
to go before they reach the ideal condition of fully adequate numberrs of
trained staff and ample equipment, they have yet come a great distance
in the past ten to twelve years. In this period they have shared, not alwvays
abundantly or even equitably, but nevertheless in a nearly universal ^ a y ,
in the generally unparalleled prosperity that has overtaken Australian
society. Research on the biology of inland waters is currently under way
in at least eight university departments, several State museums, at 1least
three State departments of fisheries. Furthermore, the hydrobiologists thus
engaged have derived much in the way of ‘fringe benefits’ from colleagues
in the fields of sanitary and civil engineering, soil research, and agricultural
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and economic hydrology, all of whom have a vital and practical interest in
Australia’s inland water resources. It is gratifying, however, to note that
some hydrobiologists have recently been able to involve themselves in their
work, and in meetings, with these practical hydrologists, apparently with
mutual profit. This augurs well for future understanding and sympathy
between the groups.
This book is a collection of essays by contemporary workers in the field
of inland hydrobiology. It is not even a preliminary attempt at a com
prehensive treatise: several notable areas of active study have perforce
been omitted, because although potential authors in these areas existed and
were sympathetic to this project, for various practical reasons they could
not participate.
Each chapter has been planned in the belief that it will contribute
something of live interest to the Australian hydrobiological scene today
and that the book will illustrate some recent progress in the subject and
offer facts, concepts, and ideas in the frame of developments presently
taking place, at the same time offering to workers entering the field a series
of statements on its present aspects and possible future trends. For overseas
hydrobiologists the book may represent a first statement of the way work
in the field is moving in Australia, one that perhaps may stimulate them
to come and see for themselves and to help in the tasks that lie ahead. We
also hope that teachers of biology in both universities and schools will find
material of interest to them that has been hitherto unavailable or very
difficult of access. To this end nearly all chapters have extensive reference
lists.
It is worth noting that in the use of the word ‘inland’ in the book’s title
I have bowed to the wishes of several contributors (see especially chapters
by Williams and Bayly) who have argued cogently over a long period that
the term ‘freshwater’ as used in its usual comprehensive fashion to describe
our ‘inland’ waters would be both misleading and inexact.
A few interconnected topics remain for mention.
Australia is both a very large land mass and still, biologically, one of
the great terrae incognitae. In certain aspects of ecology Australian
research enjoys a high reputation, but almost nothing is known of the
ecology, general biology, and physiology of the great majority of our
animals— vertebrate or invertebrate. Inland hydrobiologists want to be
one group which will not be accused by future generations of neglecting
to take notice of the wondrous animal life of this country—while it still
endured in something of its original lustre! This is why the Australian
Society of Limnology was formed a few years ago and why this Society
feels it to be its duty to spread propaganda about its subject.
Now conservation of natural resources—living and non-living— has a
fairly dismal record in Australia. We have a history of pointless despolia
tion of countrysides and scandalous misuse of land. However, it is
excitingly true that for the very first time conservation is a real and growing
force in the country. There is at last a Conservation Foundation, an active
National Parks Association with a prime aim of conservation, a marked
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and expanding awareness of the needs of conservation in State departmens,
much publicity in newspapers and magazines, on radio and television. Best
of all, conservation is now being written into secondary school syllabusts,
not as warmed-over natural history and sentimental bush lore, but in terns
of universally established biological-ecological principles.
Nevertheless, conservation rests, fundamentally, on two unshakable ideis
— the practical and the aesthetic. The former is easy to appreciate in ts
less subtle aspects: water storage, erosion control and the like. Howevtr,
the intricacies of long ecological causal chains of events are another matter.
Even today many eminent biologists pay scant respect to the certairty
that man, for all his powers, is still subservient to ecological laws as is every
other living being. Yet many of these same people in speaking of primary
and secondary power sources, of consumption of food and fuel, of spare
and its distribution and so on, are, whether or not they choose to acknovledge it, speaking the language of ecology.
The aesthetic principle is frequently held to be more shaky ground frcm
which to deliver propaganda and to stimulate people’s sensibilities. AI I
can say for this odd notion is that the practitioners of the arts— music,
literature, dancing, poetry, painting and the rest— seem never to have heard
of it; and it is doubtful, if they had, that it would cause them to tread
lightly. The aesthetic principle is held by them to appeal to much that is
noblest and best in man and his civilizations. If they are right, then these
who would wish to see, in the preservation of much of the marvellcus
diversity and integration of living nature, the chance for man to enrich his
own life by contemplation of that living world and his own part in it and
his relation to it, have an unmistakable duty to deliver themselves of this
view as honestly, simply, and unselfconsciously as do the practitioners of
older aesthetic ideas.
There will be found to be a theme of conservation threaded loosely
through this book, in the sense that several chapters consider aspects of it
relevant to their subject-matter. Apart from this, the material of the book
should provide the beginnings of a factual basis for critical planning in the
conservation of the life of inland waters in Australia. We hope that having
read this book no person will be still able to plead total ignorance of this
most important aspect in the lives of aquatic animals: hints of the means
by which their survival may be ensured.
I wish to offer sincerest thanks to contributors to this book whose willing
labours made its completion possible, and also to the several readers who
have critically perused individual chapters and the manuscript as a whole
for the care and skill they have brought to this task.
A. H. Weatherley
Canberra
September 1966
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THE ENVIRONMENTAL SETTING

1

The Inland Waters of Australia:
Introductory
A. H. Weatherley
TOPOGRAPHY, RAINFALL, AND RIVERS*
Australia is a continent of low relief, the major part of its area consisting
of a huge, gently undulating plateau of about 150-600 m altitude. Some
mountain ranges are both extensive and fairly formidable, at least as
barriers to exploration or settlement, but, save for the highlands of
Tasmania, only one major chain of hills and mountains exercises a truly
profound effect on the Australian environment, the so-called Eastern
Highlands that run from north central Queensland, following the east
coast, to central southern Victoria. This divide is characterized by high
lands averaging about 600 m altitude, culminating in the Australian Alps
which contain the Snowy Mountains and Mount Kosciusko (at 2229 m,
the highest point in Australia).
These highlands are structurally complex (see David, 1950; Laseron,
1957; CSIRO Aust., 1960) but the basic mountain-building processes that
produced them ended long ago, perhaps 200 million years, and they are
currently very stable. By comparison with the colossal continental divides
of North and South America, the Eastern Highlands are insignificant in
both area and elevation. Yet they do greatly affect the inland waters of
Australia.
Australia has a quantity and pattern of rainfall that makes it one of the
world’s drier areas. Recent estimates place the average runoff for Australia
as a whole at about 5 cm per annum, which is less than 25 per cent of the
average for the world. The Murray River catchment, our largest, with an
area of about 1 million sq km (see ch. 8) has an annual runoff of 1 cm,
compared with about 20 cm for the Danube, 40 for the Mississippi, 60 for
the Yangtsze, 120 for the Congo and 150 for the Amazon. The tropical
summer monsoon has much influence only north of the Tropic of Capri
corn, and even these regions of summer moisture receive only a few cm
rainfall for more than half the year. The eastern coastal part of Australia
*This chapter is included as an aid to evaluating the material and discussion in the
following chapters. It is not intended to be comprehensive or detailed. For fuller
discussion, see Griffith Taylor (1919, 1947), Laseron (1957), Keast (1959), and
CSIRO Aust. (1960).
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alone is relatively reliably watered, and even this strip is subject to
considerable variation in rainfall. Thus the north-east, which receives
summer monsoonal rain, is extremely dry in winter. Similarly, the trace of
monsoonal influence that reaches the south-east in summer is by mid-winter
(July) replaced by a pattern in which the rain falls mainly on the edge of
the coast, while by spring there is practically no heavy precipitation on the
whole coast, even though the south-east does remain moister than the rest
of the continent. Winter maxima characterize the rainfall pattern of the
southern part of the Australian mainland and of western Tasmania.
Southern New South Wales, south-eastern Victoria and eastern Tasmania
have no particular seasonal pattern. The rainfall over much of central
Australia is so low that major portions of South Australia, Northern
Territory, and Western Australia are very arid lands indeed. In Western
Australia the only well-watered areas are in the extreme north and the
south-west corner below, and including, Perth. Both areas are small; the
former receives monsoonal summer rain, the latter equally well-marked
winter rain. Figure 1:1 indicates the main seasonal precipitation patterns
in Australia.

Fig. 1:1

(Left) Mean rainfall (cm) over Australia in mid-summer (January) and
(right) in mid-winter (July). Based on CS1RO Aust. (1960).

Perhaps the most important effect of the Eastern Highlands is to confine
the none-too-great precipitation that sweeps in from the east coast, except
for the period of the summer monsoons, largely to the coast and central
highlands. The Highlands’ watershed is the most important in Australia.
It is the source of most of the major rivers of the country, whether of the
eastern or western watershed. Some of the rivers rising in the Australian
Alps of southern New South Wales and north-eastern Victoria may, in
certain years, be partly snow fed in nearly every month (see also ch. 8),
though there is no recognized permanent snowfield in Australia. Most of
the eastern watershed rivers have relatively short courses. Characteristically,
they descend rapidly from high sources and frequently change their grade
within a few miles as they make the transition from swift highland streams
to slow meanders that cross the narrow coastal strip. The Hunter River, an
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eastern watershed river of central eastern New South Wales, is an example
of the few exceptions to this pattern. Its course is about 200 km long and
it flows at an altitude of not more than 150 m. The slow-flowing main
stream lies in a long river valley and has an extensive catchment. As might
be expected, such a system is subject to flooding and in some years heavy
rains have caused extremely serious floods in the city of Maitland, which
lies on the Hunter River about 30 km from the coast.
The rivers of the east coast of New South Wales and of the south-east
coast of Victoria generally are subject to regular hydrographical regimes in
that their flow characteristics from one year to another are fairly similar,
thus tending to resemble the rivers of the European Alps. The western
watershed rivers are in a rather different category. Those that flow west or
south-west from the divide are most archetypically ‘Australian’ in both the
popular and the scientific sense. Frequently they are wide, muddy, and
slow, sometimes abundant, at other times almost disappearing as the result
of droughts. Even such ‘typically’ Australian rivers as the Darling, however,
are sometimes surprisingly clear for very long periods (see ch. 8 on the
big western rivers).

Fig. 1:2

^3

The Murray-Darling River system and the internal drainage basins (stippled
area) of Lakes Eyre, Frome and associated lentic waters. 1, Darling River;
2, Lachlan River; 3, Murrumbidgee River; 4, Murray River; 5, Lake Eyre;
6, Lake Frome; 7, watershed of Eastern Highlands (broken line).
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The Murray-Darling River system— in which the Murrumbidgee aid
Lachlan should also be included (see Figs. 1:2 and 8 :1 )— is a very large
system by any standards, the total length of the Murray, Darling, and
Murrumbidgee combined amounting to about 7000 km. However, these
rivers, despite huge basins (over 1 million sq km in the case of the
Murray) have very low runoffs (see also ch. 8). Such deficient runoffs are
mainly the result of the low rainfall typical of so much of Australia west
of the Eastern Highlands (Fig. 1:1), but the effects of evaporation (see
Fig. 1:3) must also be stressed:

Fig. 1:3

Length of growing period (months) during which P > 0-4 E°'ls (P =
precipitation, E = evaporation). The blank space within the 5-9 months
period in Queensland represents climates where the five months of effective
rainfall are not consecutive. Based on CS1RO Aust. (1960).

. . . annual evaporation from an open tank exceeds annual rainfall
everywhere except in the eastern highlands, a narrow strip along the
coast, and the Tasmanian highlands. (CSIRO Aust. 1960:26.)
It is worth emphasizing that the low annual discharge of a river such
as the Murray reduces its usefulness in irrigation compared with that of
rivers of corresponding length in other countries— see Table 1:1.
Not only is the rainfall to the west of the Eastern Highlands low; it is
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TABLE 1 :1 Annual flow of major rivers used for irrigation
River

Mean annual discharge
(cu ml

Colorado, U.S.A.
Sacramento-San Joaquin, U.S.A.
Columbia, U.S.A.
Ganges, India
Indus, India
Nile, Africa
Danube, Europe
Murray, Australia

20
32
176
180
109
89
28
12

x
x
x
x
X
x
x
x

109
109
109
109
109
109
109
109

Based on CSIRO Aust. (1960)

also one of the most statistically unreliable in the world (CSIRO Aust.,
1960; Laseron, 1957). Moreover, this unreliability increases with distance
westward from the east coast (Fig. 1:4). Taken together these facts
account for the not infrequent occurrence of several dry seasons in a row,
so that rivers such as the Darling or Lachlan may sometimes dry up to a
chain of waterholes for hundreds of miles (see ch. 8). Conversely, when
positive

n ega tive

Fig. 1:4

Departure of Australian annual mean rainfall variability from world mean
variability. Based on CSIRO Aust. (1960).
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heavy rain falls on the catchment, the slight gradients characterizing these
western watershed rivers, once they have descended from the Highlands,
can result in very extensive shallow floods that spread out over great areas
of the countryside. As chapters 8 and 9 indicate, these factors are
extremely important in the distribution and reproductive biology of both
native and exotic river fish.
The central and far west of New South Wales is an exceedingly hot
environment. Air temperatures as high as 52 and 50°C. have been
recorded in Bourke and Wilcannia, both towns on the Darling River.
Average daily air temperature maxima in summer in this part of Australia
are around 38cC. Yet the thermal regime in the river at Bourke or
Wilcannia is different from what one might expect (Fig. 1:5). Thus, while
Months of year — Bourke
j

Fig. 1:5

A

S

O

N

D

J

F

M

A

M

J

Months of year — Kansas City
Range of mean monthly maximum and minimum air temperatures of
Bourke, N.S.W. (vertical shading), and of Kansas City (stippled). The solid
line is the annual curve of water temperature in the Darling River at
Bourke; the broken line is the water temperature curve for the Mississippi
River at site near Kansas City. Modified from Weatherley (1963).

river temperatures are certainly higher in winter than, for instance, in the
Mississippi River, in the central United States, they are much the same in
midsummer, even though air temperatures are much higher at that season
in western New South Wales than in the central United States. Weatherley
(1963) has suggested that the relatively low river temperatures in the
Darling are probably due to the very low humidity of the atmosphere, and
that it is therefore the correspondingly high evaporation rate from the
Darling in summer that prevents water in that river from much exceeding
30°C. In other places, of higher humidity (much of North America,
Europe), water temperatures can often reach summer maxima closely
approximating those in the Darling, but also approximating the mean
maximal air temperatures of their region.
If, for contrast, we turn to eastern watershed rivers crossing the coastal
strip, it is apparent that these do not reach such high temperatures
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(Rochford, 1952, 1953a, 1953b). The two moderating influences are
undoubtedly the near presence of the sea and the highlands.
On the other hand, the higher reaches of both western and eastern rivers
have more extreme thermal regimes: the Murrumbidgee River flowing at
a low elevation west of the Eastern Highlands is as warm as the Darling in
summer, but in its tributaries and highland sections, near Canberra (600 m
elevation) in the southern tablelands, water temperatures may range from
less than 1°C. in winter to 30°C. in summer. Because of the relatively clear
and sunny days in winter and the cool nights in summer there is not the
daily thermal constancy that prevails in the rivers of the lowlands.

LAKES AND OTHER LENTIC WATERS
Because Australia is the driest of continents, not only does it receive the
least rain and have the highest mean evaporation but also it is the continent
most deficient in permanent bodies of standing water— lakes, lagoons, and
ponds, the chemical characteristics of which— natural and artificial— are
surveyed in detail in ch. 2. Here the whereabouts and general character
of these water bodies are merely sketched in general.
The only extensive natural lakeland in Australia that has all the indica
tions of endurance is that of the Tasmanian Central Plateau. An impressive
series of lakes, lakelets, and ponds, ranging in depth from less than a
metre to more than 200 m, and in area from a fraction of a hectare to
about 150 sq km, has resulted from the last glaciation (see Lewis, 1921).
Nearly all these water bodies are in hard insoluble rock such as dolerite
and quartzite (see also ch. 2). Many are snow fed for at least a part of
the year, but often lack supply streams of significant size, especially if they
are located at high altitudes, being fed instead by small streamlets and
soakage. All are cold in winter, though complete freezing of even thensurfaces is exceptional, the well-known North American and European
phenomenon of ‘winter kill’ of fish and other aquatic organisms being
almost, if not completely, unknown. Since summer in the Tasmanian
highlands is cooler than in the highlands of the mainland at similar
altitudes, the water temperatures of lakes there are correspondingly lower.
Three years’ temperature records for Lake Dobson, a small lake 7 m deep,
with an elevation of 1000 m, are shown in Fig. 1:6. Because the lake is

Li i

i i i i i i i i i 1 i t i i i i l i ! i i I i i i m i i i i m I i i i i i i i i i i i I i i i i i i i i i
J F MAMJ J A S ON D J F MA MJ J A S O N D J F M A M J J A S O N D J F M A M J J A SON 1) J F M A M J J A S
1949

Fig. 1:6

1950

Temperatures in Lake Dobson. ----------, surface; ---------, bottom. Modified
from Weatherley and Nicholls (1955).

A U ST R A L IA N IN L A N D W A T E R S A N D T H E IR FA U N A

10

both shallow and subject to
does not develop in summer.
bodies in Tasmania do not
warmer than about 25°C.; see

powerful wind action, thermal stratification
(Even near sea level, small standing water
become stratified in summer, nor become
Fig. 1:7.)
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Fig. 1:7

Temperature records from two small farm dams near Hobart, Tasmania.
surface; - - - , bottom temperatures, over a period of eighteen
months. Despite a small difference in temperature between surface and
bottom, there was no real stratification. Stipple signifies range of maximumminimum temperature at 1 m depth. Modified from Weatherley (1958).

--------- ,

A relatively small number of lakes occupying glaciated basins are found
at high altitudes in the Australian Alps. As for the rest of the Australian
mainland, lakes certainly exist, though many of them are impermanent
and their water may be high in dissolved minerals (see chs. 2, 3, and 10).
As examples, two significant lakes are Lake George and Lake Bathurst,
both in the Eastern Highlands near Canberra at an altitude of about
600 m.
The former is in a basin about 50 by 20 km formed by a fault scarp in
slates. When full the lake may be up to 24 km long and 10 km wide. At
the time of writing (1966) it has contained water for many years and
supports populations of several species of fish (European perch in abund
ance, Crucian carp, possibly some golden perch; in the past it has had
many Murray cod), and in spite of two severe drought summers in suc
cession (1964-5 and 1965-6), causing considerable lowering of water
levels, there is still plenty of water in the lake. However, it is less than a
generation since the whole basin was dry. The following passage (Laseron,
1957) well describes the type of water body that is Lake George:
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Since it was first discovered the lake has had many vicissitudes. When
dry it is a large saline plain where grass and an introduced salt bush
provide fodder for many sheep. Fortunately for farmers it is not liable
to sudden flooding. There are more than 100 feet of silt below the
surface, and even heavy local rain is soon evaporated or absorbed into
the porous silt. There have been times, nevertheless, when surface water
has remained so long that its permanency has been assumed, launches
and rowing boats have plied upon its surface and jetties have been
built upon the shore. Records show that it was a lake from 1816 to
1830; then it was dry except for short intervals in 1852 and in 1864
until 1874, when it was filled again and became a lake until 1900. Later
records are not clear, but it was dry in 1925, filled again, and was again
dry until 1949, when it again filled. The record rain of 1950 would seem
to assure the existence of the present lake for some years to come.
Lake Bathurst, a much smaller lake, was formed in quite a different way
—by one stream crossing another and depositing a gravel bed in its
course. Its history, too, is most varied and, though containing water at
present, it is in incipient danger of being dried out—probably being much
more vulnerable in this respect than Lake George.
Thus, though these lakes are impermanent, most local residents, human
memory being short, hardly consider them as anything but a constant part
of the landscape; and indeed they are not to be compared for imperman
ence with many other much more extensive water bodies. The classic
example is Lake Eyre in South Australia, when full, the largest inland
water body in Australia. It is but one of a series of similar, though smaller,
salt lakes in the one region—the others being Lakes Gregory, Blanche,
Callabonna, and Frome, of which the last is the largest. However, like
most of these potentially huge lakes, Lake Eyre has been filled only once
in human memory, for a brief time in 1950. Over 100 km long, the bed of
Lake Eyre is today, as nearly always, a vast salt pan covering a plain about
15 m below sea level. It is thought that Lake Eyre and most of the other
lakes of the area lay in a region of adequate rainfall and were actual lakes
until the modern period of dryness set in 5000 to 10,000 years ago. Today
the area is desert, and significant moisture reaches the lakes only when
the Diamantina River and the Barcoo discharge into the Lake Eyre basin
or when rain on the slopes of the Flinders Ranges runs off into Lake
Frome and its companion lakes. All these lakes and other numerous dry
salt lakes of central, northern, and western Australia have internal drainage
patterns, which occupy about half the area of Australia (Figs. 1:2, 1:8).
As ch. 2 indicates, though an atlas may give the impression of an
extraordinary paucity of permanent natural lakes in Australia, in actuality
there are a remarkable number of them. One fact, however, stands out:
they do not comprise a significant proportion of Australia’s surface area.
The several needs for water storage—for human consumption, power,
irrigation and stock, and for flood mitigation—have stimulated the produc
tion of numerous dams, particularly in eastern Australia where the greatest
density of population is found, together with the most reliable and abundant
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1:8

Types of drainage in Aus
tralia, showing a region
of unco-ordinated drainage,
mostly internal (stippled),
and also drainage to the
sea (white area). Simplified
from CS1RO Aust. (1960).

rain. Dams have been built since the nineteenth century, but have
especially increased in number over the last twenty-five years, and the
process continues apace. Some estimates have suggested that within the
next thirty years all the water storages in the Eastern Highlands that are
economically feasible or could usefully contribute to our water needs will
have been constructed. In other words, the potential of the region for
man’s requirements will then be fully exploited. However distant this time
proves to be, it does appear that, if present trends continue for only a
limited time into the future, the overwhelming bulk of our standing water
will be in artificial storages rather than in natural lakes. As Williams (chs.
2 and 10) has explained in detail, the mineral content of water in artificial
storages tends to be lower than that in natural lakes, and of different
composition. In other chapters (8, 9), also, attempts have been made to
analyse and consider the implications of these storages for several aspects
of fish reproduction and distribution and for fishery potential.
The Great Artesian Basin of Australia, a huge sedimentary basin of
some 1,400,000 sq km, lies to the west of the Eastern Highlands. Despite
the presence of so much permanent subsurface water, the great excess of
evaporation over rainfall prevents the establishment of any accompanying
overlying lakeland. As elsewhere in Australia, the most ubiquitous form of
standing water here is the common farm dam, an artificial storage which
may vary from a small fraction of a hectare to several hectares in area, and
from one to perhaps ten metres in depth. Such dams are greatly subject
to the drying effects of the environment, as are other lentic bodies, though
the severity of these effects varies with climate and season. However,
Table 1:2 shows that extensive fluctuations in content may occur even in
farm dams in Tasmania. Generalizations about the limnology of farm dams
or their environmental characteristics relative to their contained animal
and plant life are pointless. Their characteristics will be as variable as those
attributes of all lentic waters that depend on the specific properties of
climate, geology, soil, and vegetation of the catchment. However, a couple
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TABLE 1 :2 Extremes in area and volume for farm dams
Area (hec)

1
2
3
4
5
6
7
8

Minimum

Volume (litres)

Maximum

Minimum

Maximum

Maximum

Minimum
- as % of
Minimum Maximum

0113
0-058
0-275
0-230
0-056
0-066
0-016
0-020

0-044
0-028
0-175
0-111
0-029
0-035
0-003
0-003

39
48
64
48
52
53
19
15

2,614,000
2,175,000
467,000
550,000
74,000
112,000

1,537,000
939,000
132,000
215,000
4,000
5,000

Dam

do

/o

UI

59
43
28
39

5
4

Based on Weatherley (1958)

of characteristics do epitomise their ‘type’ as waters. In farm dams the
temperature regimes will tend to reflect those of the climate of their area,
because they are shallow and, being thus readily overturned by wind action,
do not usually manifest thermal stratification. Their waters are very often
muddy and turbid, partly due to wind action, partly due to the stirring of
the bottom by stock which tramp into them when drinking, sometimes
aggravated by rapid surface runoff after rain on sparsely covered
catchments.
Though their chemical characteristics vary greatly with locality, the
waters of farm dams also show a strong tendency for marked changes in
composition produced by the great water losses from evaporation or the
effects of sudden heavy downpours on the catchment. Because of the very
dynamic nature of their hydrography, and wide distribution, farm dams
would almost certainly be of considerable interest as objects of systematic
biological study (see also ch. 10). Unfortunately, though many casual
collections of organisms have been made in them, they have not yet been
the subject of a detailed ecological project. However, somewhat surpris
ingly, they seem to have considerable promise as places in which to rear
fish for sport or the table: such species as the Murray cod, silver and golden
perch, catfish, tench, Crucian and common carp, European perch, and
even trout (in the highlands where it is not too hot in summer) all have
been known to grow rapidly and maintain good health in these waters
(see Plate 1:1). A considerable scope exists for research on this single
aspect of their potential.

BIOGEOGRAPHY
Animals
Several attempts have been made to devise biogeographical schemes to
describe or account for the distribution of organisms in Australian inland
waters. These have been based on position of drainage basins, geological
characters, palaeontological interpretations, and evolutionary inferences.
Littlejohn (ch. 6) makes considerable use of these concepts in explaining
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speciation in the amphibian fauna, but while the concepts may be applied to
specific elements of the fauna, the time is not yet ripe, in my opinion, for
the elaboration of schemes of general application.
Later chapters of this book (see chs. 3-7, 9) are devoted, among other
questions, to certain aspects of zoogeography or distribution of crustaceans,
molluscs, amphibians, and fish in Australian inland waters. It may be
useful to consider here, briefly, the broad aspects of fish distribution.
As Whitley (1959) has observed, in attempting an analysis of the fishes
of Australia based on the concept of the ‘fluvifaunula’ ( ‘a consociation of
animals found in a river or a series of rivers’), long separation from other
lands has ensured that none of the truly ‘freshwater’ groups of fishes from
the northern hemisphere, fishes which penetrate as far as the islands of the
Malay Archipelago, reached Australia by natural means. Until European
settlement, therefore, Australia lacked salmonids, cyprinids, and true
‘freshwater’ percids.
Among the more remarkable indigenous forms are the Dipnoi
Neoceratodus of the Mary and Burnett Rivers of Queensland (whose only
relatives among extant Dipnoi occur in South America and Africa), an
osteoglossid Scleropages from the northern rivers, and many species of the
family Galaxiidae (a family shared again with South America, South
Africa, and New Zealand).
Without attempting to discuss here either the merits or limitations of the
idea of the ‘fluvifaunula’ as applied to the fish fauna of Australia’s inland
waters, one can only agree entirely with Whitley that the fauna is
depauperate. Indeed, the most impressive fact is the almost complete
absence of the rich specific radiation and mutiple adaptations to varied
habitats found so typically in the waters of the hinterland of other great
land masses—the Americas, Europe, Asia, Africa. The reason is obvious:
there is so little permanent water in Australia. Instead, what consistently
attaches the attention is the incidence in ‘freshwater’ of essentially ‘marine’
types of fishes; that is, forms that have obviously only recently evolved
into ‘freshwater’ forms from marine ancestors, or have never undergone
that intensive selection in isolation from marine progenitors that has
elsewhere resulted in high endemicity among inland fishes. Thus catfishes,
gobies, scorpion fishes, marine Perciformes in general, eels, Mugiliforrnes
(even lampreys), are found in the coastal rivers all around Australia,
wherever rivers or lentic waters have been permanent enough for at least
partial adaptation to ‘freshwater’ life to occur.
It is entirely significant that the one major river system in the country
—the Murray-Darling— is of sufficient size, age, and isolation from coastal
waters to have allowed the evolution of a completely endemic fish fauna
(see ch. 8). Even among these fishes, however, the marine affiliations are
extremely obvious.
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Vegetation
Figure 1:9, which broadly indicates the vegetation patterns of Australia
(for detailed analyses, etc., see Gardner, 1959; Crocker, 1959; Wood,
1959; and CS1RO Aust., 1960), is included here to draw attention to the
general zonation of broad categories of vegetation or units of vegetation
and their relation to rainfall patterns and to precipitation/evaporation
(Figs. 1:1, 1:3). The distribution of vegetation, its classification, descrip
tion, evolution and evaluation are, of course, the provinces of botanical
experts. Moreover, it hardly needs stressing that zonation of vegetation is
not understandable solely in terms of moisture regimes but is a product of
the whole climatic complex, soil types, and the particular selective forces
at work in different localities. Nevertheless, a couple of points deserve
mention: there is a relation between vegetation type and moisture, even
though a far from superficial one; then, too, a given water body (lake,
pond, or river), whether at high or low altitude, will have some plant cover
over its catchment. Sometimes that catchment may be of enormous area
and contain many diverse plant associations, as does the Murray-Darling

Fig. 1:9

Highly simplified vegetation map of Australia, with total mean rainfall per
annum (cm) shown as isohyets. The overlap between vegetation zones 1
and 2 indicates the indefinite nature of the boundary between them
1, desert vegetation (hummock grassland, spinifex, etc.); 2, vegetation of
the semi-arid zone (scrub-mulga, myall, gidgee, etc.; hummock grassland
spinifex, etc.; tussock grassland, Mitchell grass, Flinders grass, blue grass’salt bushes, bluebushes, cotton bushes; mallee); 3, vegetation of the semihumid areas (woodlands, tree-savannahs, etc.); 4, vegetation of the humid
areas (sclerophyll forests, etc.); 5, rainforests (tropical, sub-tropical,
temperate), 6, high mountain vegetation. Mainly after Costin, unpublished.
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system (see CSIRO Aust., 1960). Now a full appreciation of the nature
of the plant cover of a catchment is a most important, but frequently
neglected, aspect of the understanding of aquatic biotas. For instance, so
basic an attribute of a river as its trophic level naturally determines many
aspects of the entire faunal complex. Much else in its ecology is also
governed directly by the quantity and type of the plant cover of the
catchment. A single example will serve here: when the Murray-Darling
system floods in any lowland section the water runs out to cover the
surrounding land. The nature and quantity of the resulting food produced,
for zooplankton, and for the ‘forage’ fish, on which newly-hatched Murray
cod will feed (ch. 8), will in turn depend directly on the nature of the
inundated plants of the countryside. Where these plants are sparse, food
for aquatic organisms will be scarce and where they are plentiful the food
supply for aquatic organisms will be rich, so that successful spawning of
cod may depend only on the occurrence of floods, but high survival rates
of young will depend rather on where the floods occur. The particular
character of the population dynamics of Murray cod in a particular stretch
of river may, therefore, be very much influenced by the type and quantity
of herbage on the river catchment.
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The Chemical Characteristics of Lentic
Surface Waters in Australia
A Review
W. D. Williams
INTRODUCTION
Ecologists studying the fauna of inland waters must consider the physical
and chemical nature of the waters as well as the fauna and its biotic
relationships. In many parts of the world a good deal of limnological
information is available as some basis for chemical and physical studies,
but this is not so for Australia. Here, the amount of basic limnological data
is very small, despite the fact that the continent is 5 per cent of the land
area of the world and has an inland aquatic fauna which is zoologically
extremely interesting and lives in an environment having a number of
unique physical characteristics. These stem from the fact that Australia is
the world’s driest continent (see e.g. Taylor, 1918; Lang, 1946; Nimmo,
1949); the average annual rainfall on the Australian mainland is only 42
cm, compared with a world figure of 66 cm, and this situation is aggravated
by high temperatures leading to an excess of evaporation over precipitation
in more than 90 per cent of the surface area (see also ch. 1).
Not only is there little basic limnological information but much of it,
particularly the older records, is scattered and fragmentary. So this chapter
attempts to collate and review a selection of the available information on the
chemical characteristics of those Australian inland surface waters that are
lentic (standing), whether of natural or artificial origin, and to provide for
ecologists an easily accessible source of information and summary of
relevant literature on regional studies. (For coastal lakes which, either
permanently or intermittently, communicate with the sea, see ch. 3).
I cannot claim to have uncovered all sources of information, but I
believe I have drawn upon the more important. Data for each State and
the Northern Territory are reviewed separately and in detail, then discussed
in a brief synopsis. The literature upon which each regional account is
based is drawn together as an appendix, which indicates in detail not only
the sources of information for this chapter but also the historical develop
ment of our knowledge of the chemistry of inland waters in each region.
Following the classification recently proposed for Victoria (Williams,
1964a), waters containing less than about 3,000 p.p.m. total dissolved
18
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solids are termed fresh, whereas waters with greater concentrations of
dissolved solids are termed saline.
Very generally, ‘fresh’ and ‘saline’ may be equated with ‘potable’ and
‘non-potable’ waters, respectively, and also with the ‘fresh’ and ‘salt’ (or
‘brackish’) waters of previous authors. Except for mound-springs (see
below), the larger lentic waters of natural origin which are still essentially
natural in hydrological behaviour are termed lakes-, those of artificial origin
or of natural origin but now rigidly subject to human control (e.g. those
now forming part of the reticulated water-supply system of the State
Rivers and Water Supply Commission of Victoria) are termed either
reservoirs or dams.
Although strictly this chapter deals with the chemical composition of
surface waters, some consideration of the chemical composition of artesian
and sub-artesian waters has been necessary, because many bores drawing
upon water from such sources discharge into small or moderately large
surface storages, and because, mainly in the area underlain by the Great
Artesian Basin, numerous natural springs (mound-springs) discharge into
surface lentic waters impounded naturally by the deposition of travertine.
Lentic waters of this type may be termed artificial or natural limnocrenes.
The Report of the Third Interstate Conference on Artesian Water (1921:7)
and Gregory (1906) have good descriptions of mound-springs; early
descriptions and references are listed in Dun’s bibliography on the
Cretaceous systems of Australia (Pittman and David, 1903).

VICTORIA
Victoria is the State with which I am most familiar, and is also the State
about which a good deal is known, due mainly to recent studies (Williams,
1964a; Bayly and Williams, 1966; and unpublished).
Table 2:1 shows the frequency distribution of 118 Victorian lakes and
reservoirs within various ranges of concentration of total dissolved solids.
TABLE 2:1 Frequency distribution of Victorian lakes and reservoirs
within various ranges of concentrations of total dissolved solids
A p p r o x im a te ra n g e o f c o n c e n tr a tio n
to ta l d iss o lv e d s o lid s (p .p .m .)

0
200
500
1 ,0 0 0
3 ,0 0 0
1 0 ,0 0 0

—
—
—
—
—
—
>

200
500
1 ,0 0 0
3 ,0 0 0
1 0 ,0 0 0
1 0 0 ,0 0 0
1 0 0 ,0 0 0
T o ta ls

of

R e se r v o ir s
( N o .)

L ak es
( N o .)

24
14
3
0
0
0
0

2
9
14
13
16
13
10

26
23
17
13
16
13
10

41

77

118

T o ta l
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All but the most saline, and even some of these, more or less permanently
contain water, although many, of course, have astatic water levels. The
ranges have been chosen so that they are narrow at low concentrations of
total dissolved solids and wide at high concentrations, thereby giving
greater meaning to the data, most of which are based upon single deter
minations (but see below). The table includes information on nearly all
the major lakes and reservoirs in Victoria, but, in so far as the proportions
of localities within the various ranges are similar, it does not differ funda
mentally from my previous table (Williams, 1964a: table 2) showing like
information for only 88 localities. Thus, 49 per cent of Victorian lakes are
fresh and 51 per cent are saline. Likewise, combining the data on lakes and
reservoirs shows that 66 per cent of Victorian lentic waters are fresh and
34 per cent are saline. The conclusion remains, therefore, that lentic waters
in Victoria contain high amounts of dissolved solids. The total range in
reservoirs is from 20 to 780 p.p.m. and in lakes from 32 to 343,700 p.p.m.
Lakes Tarli Karng and Crosby, which represent the two extremes of the
total range in lakes, are illustrated in Plate 2:1. Bore waters in Victoria are
extremely variable in their concentration of total dissolved solids. Some
are quite fresh, but others (e.g. in parts of the Mallee) are markedly saline.
It is not always easy to determine whether a lake is ‘closed’, i.e. is the
terminus of an endorheic drainage system, or ‘open’ and part of an
exorheic drainage system, particularly lakes with only moderate amounts
of total dissolved solids ( < 5,000 p.p.m.), many of which have intermittent
but fairly frequent periods of overflow between which salinity fluctuates
widely. For this reason, notwithstanding the greater amount of information
now available, I have decided not to attempt a re-analysis of the frequency
distribution of Victorian closed lakes into various ranges of concentration
of total dissolved solids (Williams, 1964a: table 3). It need be noted only
that the number of closed lakes in Victoria approaching saturation, that is
containing more than 100,000 p.p.m. total dissolved solids, is much smaller
than the number of closed lakes, which, although highly saline, are far from
saturated. This clearly supports Hutchinson’s (1937, 1957) ideas con
cerning the modal range of salinity in closed lakes.
The geographical distribution of localities for which data are summarized
in Table 2:1 is plotted in Fig. 2:1, which shows that waters of markedly
diverse salinity may occur in close proximity to each other. Some regional
characteristics may be distinguished, however. In the east, salinities are
low ( < 200 p.p.m. total dissolved solids) except for Lake Omeo (5,140
p.p.m.) and near the coast, where there are a number of lakes in either
continual or intermittent communication with the sea, and also some
shallow lakes, isolated from the sea, whose high salinity probably results
from their direct exposure to salt-laden spray and wind as well as perhaps
other factors. In the west there is a fairly small and well-defined area of
mostly saline lakes corresponding roughly with the endorheic drainage
system of the western basalt plains. Near the South Australian border there
is an area of diverse salinity with lakes having less than 500 to more than
300,000 p.p.m. total dissolved solids. The large endorheic area in the
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Total dissolved solids (p.p.m.)

1,000- 3,000

★

Fig. 2:1

> 100,000

Distribution of lakes and. reservoirs in Victoria within various ranges of
concentration of total dissolved solids. A-E: The principal hydrological
regions. A, exorheic to Southern Ocean; B, exorheic via River Murray;
C, endorheic; D, arheic; E, cryptorheic.

mid-west somewhat surprisingly contains few highly saline lakes; many of
the localities shown in Fig. 2:1 are reservoirs of the Mallee-Wimmera
water-supply system. The central part of the arheic area in the north-west,
with some notable exceptions such as Lakes Hindmarsh (1,250 p.p.m. total
dissolved solids) and Albacutya (3,840 p.p.m.), is characterized naturally
by shallow, and often ephemeral, salt lakes and playas, for example the
Pink Lakes at Underbool, the lakes on the Raak plain, and Lake Tyrrell.
Lake Tyrrell is by far the largest example, and salt is mined commercially
from its surface at the rate, according to a recent report, of 7,000 metric
tons per annum. The low salinities of Lakes Hindmarsh and Albacutya are
explicable on the basis that neither is strictly closed. Along the north
western margin of the arheic area are a number of localities containing
relatively low amounts of total dissolved solids. Most of these are either
anabranch lakes of the River Murray (e.g. the Hattah lakes system) or
reservoirs of the Mallee-Wimmera water-supply system (some of the larger
lentic localities between Swan Hill and Kerang).
Wide seasonal and secular or non-seasonal variations occur in the
amount of total dissolved solids present. In general, the extent of variation,
in absolute terms, becomes larger with increasing mean concentration of
total dissolved solids; therefore, the lower the value given by a single
determination of total dissolved solids, the more reliable the determination
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as an indication of the mean amount of total dissolved solids present. This
is illustrated by Table 2:2. Although there seem to be exceptions, the
‘normal’ pattern of seasonal variation is one in which the amount of total
TABLE 2 :2 Seasonal variation in concentration of total dissolved solids
in several Victorian lakes and reservoirs. Values as p.p.m.*

Period

Total dissolved
solids

Jan.—Dec. 1959
May 1961—Jan. 1962
Jan.—Dec. 1959
Jan.—May 1962
Jan.—Nov. 1961
Jan.—Dec.f
Jan.—Dec. 1952
Jan.—May 1962

42 —
44
380 —
440
270 —
338
363f—
830
7,400 — 8,600
46,000 — 63,000
18,000 — 50,000
70,600f—326,000

Locality
Eildon Weir
Lake Purrumbete
Cairn Curran Reservoir
Clear Lake
Lake Bullen Merri
Lake Corangamite
Lake Corangamite
Lake near Centre Lake

Range
2
60
68
567
1,200
17,000
32,000
255,400

* After Williams (1964a: table 4).
t From electrical conductivity.
t Annual theoretical variation (Alexander, Sutcliffe and Knight, 1956).

dissolved solids is highest during the summer when there is maximum
evaporation and minimum rainfall, and lowest during the winter. The
long-term or non-seasonal changes in the amount of total dissolved solids
which occur may be correlated with long-term climatic fluctuations,
changes in the pattern of surface runoff due to human settlement as
suggested by Gill (1 9 4 7 ), or other factors. The best documented changes
TABLE 2 :3 Non-seasonal variation in concentration of total dissolved
solids in several Victorian lakes and a reservoir. Values as p.p.m.*
Locality

Dates

Fyan’s Reservoir

April 1953
May 1962

Lake Bullen Merri

July
June
June

Total dissolved
solids

Range

110
126

16

1953
1959
1961

7,540
7,580
7,600

60

Lake Murdeduke

Sept. 1953
Sept. 1960

5,580
9,760

4,180

Lake Goldsmith

Jan.
Feb.

1961
1962

4,000
24,000

20,000

Lake Gnotuk

Jan.
Jan.

1959
1961

55,980
12,220

43,760

After Williams (1964a: table 5).
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of this sort refer to Lake Corangamite (Alexander, Sutcliffe, and Knight,
1956); these authors pointed out that between the years 1875 and 1956
the amount of sodium chloride (the major electrolyte present) in Lake
Corangamite varied from 8,943 to 123,000 p.p.m. The extent of variation
which may occur between similar times of the year in different years is
indicated in Table 2:3.
It is unnecessary to reproduce here in full all the complete analyses for
major ions available for Victorian lentic waters; instead, selected individual
analyses are given fully in Table 2:4, showing absolute values (p.p.m.)
and also percentages of the equivalent sum of the total anions or cations.
On the basis of analyses excluded from Table 2:4 but partly summarized
in Williams (1964a, fig. 5), these analyses may be regarded as representa
tive of the chemical composition of most Victorian lakes and reservoirs,
amongst which, in general, there appears to be a certain uniformity of
major ionic composition at a given salinity.
Table 2:4 reveals a number of salient facts. In the analyses of fresh
or only moderately saline water, the anionic order of dominance is
C 1 > IIC 0 3 -f- C 0 3> S 0 4, and the cationic order is N a > M g > C a > K ;
with increasing salinity, these orders become C 1> S 04> H C 0 3 -|- C 0 3
and N a > M g > K > C a or N a > M g > C a > K (one analysis only). Even
in the analysis of the most dilute water (Waranga Reservoir), the ionic
orders of dominance considered typical at such a salinity, viz. H C 0 3>C1
> S 0 4 or C 1> S 04> H C 0 3 and C a > M g > N a > K , do not occur. It is
quite clear from the table, then, that all the localities to which the analyses
relate are dominated by sodium and chloride ions. These facts may be
extrapolated to apply to most Victorian lakes and reservoirs. Bore waters
in Victoria, for which no analyses are given in Table 2:4, seem also,
without exception, to be dominated by sodium and chloride ions.
The degree of uniformity of major ionic composition may be illustrated
in a different manner by a consideration of the major ionic composition
at various salinities in a single lake. At Lake Corangamite, for example, the
ranges of the different ions as percentages of the equivalent sum of total
anions or cations within a salinity range of 23,379-126,543 p.p.m. were:
Cl, 93*7-99-5 per cent; S 0 4, 0*3-2 *8 per cent; H C 0 3 -f- C 0 3, 0*25-4*3
per cent; Ca, 0* 1-0*6 per cent; Mg, 1 *4-13*0 per cent; Na, 83 • 1-98*5 per
cent; and K, 0*8-3 *8 per cent (based on five analyses; data recalculated
or drawn from Craig and Wilsmore (1893), Anderson (1945) and
unpublished analyses). Clearly, the proportions of the major ions in Lake
Corangamite vary little, even though salinity may fluctuate widely. Rather
greater variation may perhaps occur in saline lakes losing all or most of
their water by evaporation; at very high salinities alterations may be
expected in the proportions of the dissolved salts according to their
solubility in water.
Rather more than half of Victorian lakes and reservoirs have a pH in
excess of 7*0 (65 per cent according to Williams, 1964a), but the modal
range appears to be 6• 5-7*5. A very broad direct correlation seems to
exist between pH and the concentration of total dissolved solids.
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TASMANIA
As far as I can determine, the frequency distribution of thirty-five
Tasmanian natural and artificial permanent lentic waters in the same ranges
of concentration of total dissolved solids as used in Table 2:1 is as shown
in Table 2:5. The table includes data on almost all of the larger lakes or
reservoirs on or near the Central Plateau; it excludes data on small moor
land pools and on two localities on Flinders Island. From it, it is clear
that the majority of waters contain relatively small amounts of total
dissolved solids, 86 per cent of them containing less than 3,000 p.p.m.,
i.e. they are fresh, and 74 per cent less than 200 p.p.m. Further dissection
of the frequency distribution of all lentic waters for which data on total
dissolved solids are available demonstrates that, in fact, over half contain
less than 50 p.p.m. It is worth noting that this value is well below the
‘average’ world freshwater value, 124 p.p.m. (Conway, 1942). The
recorded total range of concentration of total dissolved solids is from 18
to approximately 80,000 p.p.m.; apparently, therefore, no lakes in
Tasmania are comparable with the very highly saline lakes on the mainland.
David and Browne (1950) and Kalix (1962) did mention briefly that
there are a few salt-pans near Tunbridge, but many of these have now been
drained and only one contained water in March 1966.
TABLE 2:5 Frequency distribution of the principal Tasmanian lakes and
reservoirs within various ranges of concentration of total dissolved solids
A p p ro x im a te ran g e o f c o n c e n tra tio n
o f to ta l d isso lv ed so lid s (p .p .m .)
0
200
500
1,000
3,000
10,000

—
—
—
—
—
—
>

200
500
1,000
3,000
10,000
100,000
100,000

T o ta ls

R eserv o irs
(N o .)

L ak e s
(N o .)

T o ta l

11
0
1
0
0
0
0

15
0
1
2
4
1
0

26
0
2
2
4
1
0

12

23

35

There seems to be a very general inverse correlation between the
concentration of total dissolved solids and altitude, those waters with the
highest concentrations of total dissolved solids occurring either in the
central-eastern lowlands or almost at sea level near the coast, whereas
those with the lowest concentrations occur on or near the central plateau.
The resultant geographical pattern of distribution is illustrated in Fig. 2:2,
in which localities are plotted according to whether they fall into a given
range of concentration. A typical plateau lake is illustrated in Plate 2:2.
Little is known of the extent of variation in the concentration of total
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Fig. 2:2
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Distribution of some lentic waters in Tasmania within various ranges of
concentration of total dissolved solids. For index to symbols see Fig. 2:1.

dissolved solids, but wide variations in the completely freshwater localities
appear unlikely, as these permanently form part of exorheic drainage
systems. Much wider variations occur in at least some of the more saline
localities: Calvert’s Lagoon, for example, contained 3,547 p.p.m. total
dissolved solids in November 1961, in December 1962 4,254 p.p.m., and
in March 1964 about 8,100 p.p.m.
Complete and reliable analyses of major ions are available for only a
few Tasmanian lentic waters. Some of these are reproduced in Table 2:6,
in which both absolute and relative values are given. From this table alone,
it may be concluded that Tasmanian lentic waters are not of uniform ionic
composition, a conclusion supported by consideration of some further less
reliable analyses, which together with those of Table 2:6 are summarized
in Williams (1964b: table 4).
Despite the variability in ionic composition, some generalizations are
possible. In waters containing less than 100 p.p.m. the most frequently
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dominant anion is Cl (18/22).* In such waters, H C 0 3 is never the
dominant anion, although S 0 4 sometimes is (4 /2 2 ), and, whilst H C 0 3,
Cl, or S 0 4 may be the anion present in the least amount, S 0 4 most
frequently occupies this position (1 2 /2 2 ). It may be said of the cations
in such localities that K is always present in the least amount, and, whereas
Mg is usually the dominant cation, Na (5 /2 4 ), Ca (2 /2 4 ) or Mg (17/24)
may be dominant. In waters possessing more than 100 p.p.m. total
dissolved solids, Cl is again the most frequently dominant anion (7 /8 ),
but Mg is displaced as the usually dominant cation by Na in most cases
(7 /8 ) and by Ca occasionally (1 /8 ). Briefly, in waters with less than 100
p.p.m. total dissolved solids the commonest orders of ionic dominance
seem to be C 1> H C 03> S 0 4 and M g > N a > C a > K ; in waters with more
than 100 p.p.m. total dissolved solids these orders are C 1> H C 03> S 0 4
and N a > M g > C a > K .
The recorded modal range of pH in thirty-seven waters was 6 0-6 9,
according to Williams (1964b: table 3). This is higher than the average
value, 5 -6, recorded by Anon. (1962a). However, the thirty-seven
localities included localities of diverse salinity and geographical distribution,
whereas those investigated by Anon. (1962a) were confined to the high
Central Plateau, and presumably were all of low salinity.

WESTERN AUSTRALIA
The available information does not permit preparation of a table for
Western Australia showing the frequency distribution of artificial and
natural lentic waters within various ranges of concentration of total
dissolved solids. The size of the State and its geographical and limnological
diversity preclude even the formulation of meaningful State-wide generali
zations upon the ratio of fresh to saline waters.
The recorded concentrations of total dissolved solids in artificial waters
of surface origin range from 212 to 267,970 p.p.m. (Simpson, 1928,
1916). In natural surface waters the recorded range is slightly narrower—
from 40 (billabong on Crossland River, North Kimberleys) to 235,131
p.p.m. (Simpson, 1916). The actual range in natural waters is undoubtedly
wider, for the concentration of total dissolved solids will exceed 350,000
p.p.m. in those which become saturated with NaCl.
The geographical distribution of a certain number of lentic localities is
indicated in Fig. 2:3, which has been drawn up by selection from all
information, published and unpublished, exact enough to be plotted. The
localities are shown according to whether they are (a) permanent, natural,
and fresh, (b) permanent, artificial, and fresh, or (c) saline and permanent
or temporary. The principal hydrological regions are also shown, as is the
‘mulga-eucalypt line’ mentioned by Serventy and Whittell (1962) (see
Appendix). Although the figure is obviously very incomplete, it will partly
illustrate the following generalizations.
*That is, Cl is the dominant anion in 18 of 22 waters for which analyses are
available.
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------ Mu l ga - e u c a l y pf lin* ( t e e text)

of sait la k es a n d p a n t

P e r m a n e n t or t e m p o r a r y
s al in e l a ke s or p a n s

v

Fig. 2:3

Distribution of some lentic waters in Western Australia, and their relation
to the principal hydrological regions (A-E). A and B, exorheic; C,
endorheic with an immense number of salt lakes and pans generally not
separately indicated; D, endorheic; E, mostly arheic.

(1) Natural, more or less permanent freshwater localities are not
uncommon in Western Australia. They are not, as might at first be expected,
restricted to the cooler and more humid parts of the State, nor are they
restricted to exorheic drainage areas. Mostly, they occur in the western and
southern coastal areas, in a mid-western inland area north of the mulgaeucalypt line, and in the far north (Kimberley region). In the south they
take the form of shallow lakes and swamps (see Serventy, 1948), whereas
in the north the majority are either pools along the courses of intermittently
or more or less permanently flowing rivers or spring-fed rock-holes. The
pools, many of which are quite large (e.g. Geikie Gorge in the Kimberleys
is about 19 km long and 1 km wide), must be considered essentially as
open, fresh, lentic localities for most of the year. The chlorinity of a number
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of such pools in the mid-western inland area is indicated in Table 2:7,
series (a ); values for total dissolved solids concentration in some similar
localities in the Kimberleys are shown in Table 2:7, series (b ). Permanent
freshwaters of natural origin, one of which is illustrated in Plate 2:3, occur
also in the arid centre of the State, where, of course, they are spring-fed.
Numerous ephemeral claypans which become water-logged for varying
periods after rain and generally remain fresh for considerable periods also
occur widely north of the mulga-eucalypt line. Many of these contain water
for so long that they are fringed with river gums (Eucalyptus camaldulensis
Dehnh.) None is plotted in Fig. 2:3.
TABLE 2 :7

Some chemical data for various natural lentic waters in
Western Australia
Locality

Series (a)*
Pool in Gascoyne River at Three Rivers Station
Pool in Fortescue River at Roy Hill Station
Kyaline Pool, Hooley Creek, The Hooley Station
Kyaline Pool, Hooley Creek, The Hooley Station
(drying up)
Rock-hole in Sherlock River, The Hooley Station
Rock-hole in creek, The Hooley Station
Round Pool in Fortescue River, Coolawanyah
Station (drying up)

Date

18 Oct. 1951
19 Oct. 1951
27 Oct. 1951

Series (c)*
Pool, Jerdacuttup Creek, near Hopetoun
Pool, Phillips River, Cocanarup
Pool, West River, Nainnerup
Pool, Hamersley River
Pool, Hamersley River, Wooganup
Pool, Fitzgerald River
Rock pool, tributary of Fitzgerald River, Coompertup

Chlorinity
270
70
40

9 Dec. 1952
6 Dec. 1952
8 Dec. 1952

260
30
50

1 Dec. 1952

40

Series (b)*
Pool in Winjana Gorge, Lennard River
Geikie Gorge, Fitzroy River
Billabong near King Edward River
Billabong near Crossland River

Chemical data
(p.p.m.)

June
May
June
June

1965
1965
1965
1965

Total dissolved solids
153
134
54
40

16 Nov. 1945
19 Nov. 1945
19 Nov. 1945
Aug. 1944
19 Nov. 1945
Aug. 1944

Chlorinity
8,750
5,900
10,220
22,760
25,620
28,640

19 Nov. 1945

78,870

* Series (a): chlorinity values for mid-western localities north of mulga-eucalypt line—
see text and Fig. 2:3. Data from D. L. Serventy.
Series (b): concentration of total dissolved solids in localities in Kimberley region.
Original.
Series (c): chlorinity values for localities in drier parts of south-west region, south of
mulga-eucalypt line. Data from D. L. Serventy.
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(2) Most artificial, permanent, freshwater lentic localities deriving their
waters from surface runoff occur in the south-west (e.g. see Femie, 1930,
and Clarke, 1936). However, localities of this sort are appearing else
where in increasing numbers; the Ord River Dam in the extreme north-east
of the State is the best example. Several artesian or sub-artesian basins
occur in Western Australia, and their water is used for pastoral purposes in
various places. This use has often entailed the construction of small surface
storages, none of which, however, is plotted in Fig. 2:3.
(3) Most saline lakes occur within the central area of the southern half
of the State, an area corresponding in general with ‘Salinaland’, as defined
by Jutson (1934). These lakes, which are generally ephemeral, are the
dominant physiographical feature of this area. Theoretically, the climate of
Western Australia does not preclude the occurrence of closed (and there
fore usually saline) lakes from almost anywhere in the State (cf. Langbein,
1961: fig. 3), and, in fact, saline lakes occur in both arid and humid
exorheic areas, in the arheic region, and in the other principal endorheic
areas of the State. They appear, however, to be absent in the Kimberley
region. Particularly in the drier parts of the south-west, south of the mulgaeucalypt line, pools located along the courses of the intermittent rivers
frequently become saline when the rivers have ceased to flow. These pools
contrast sharply in salinity with river pools north of the mulga-eucalypt
line. Chlorinity values for several are given in Table 2:7, series (c).
Paucity of data does not permit much comment on seasonal fluctuations
in chemical characteristics. It is possible to say only that there is no
consistent pattern applicable over the whole of the State.
In the south-west corner, where rain regularly falls in winter, the pattern
of seasonal fluctuation in salt concentration seems to be a simple one
of maximum amounts of dissolved solids in summer and autumn and
minimum amounts in winter and spring, as indicated by the accounts of
O’Brien and Parr (1920), Simpson (1928), Hodgkin (1959), Edward and
Watson (1959), and (in part) York (1950). Reporting on the seasonal
variation in salinity in Mundaring Reservoir, O’Brien and Parr (1920)
noted that inflows in winter and early spring reduced salinity, the minimum
occurring about August and September, whilst in summer and autumn,
evaporation and the inflow of saltier water resulted in increased salinity, the
maximum occurring about January. Their determinations of chlorinity
(appendix VI, p. 357), which were made at approximately monthly
intervals over several years, do not, however, firmly support this simple
pattern; the data indicate that there are wide departures from it. Simpson
(1928) noted that pools on the River Avon contain quite potable water
after the winter rains, but that towards the end of summer they become
saline. He noted, too, that Lake Clifton in winter contains only about
8,000 p.p.m. total dissolved solids, and in summer about 24,000 p.p.m.
The data of Hodgkin (1959) and Edward and Watson (1959) relating to
saline and ‘fresh’ localities on Rottnest Island indicate that chlorinity is at
a minimum in winter and a maximum in summer. The chlorinity of one
locality mentioned by Edward and Watson, Aerodrome Swamp, varied
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over 1,500 per cent in under six months; on 18 October 1958 it had
4,400 p.p.m. and on 9 February 1959, 68,500 p.p.m. York’s (1950) fivemonth study of four temporary ponds near Tammin indicates that in such
pools the concentration of NaCl is least during the winter.
In the northern part of the State, where rain falls mainly in the summer,
presumably the above pattern of seasonal salinity fluctuation is reversed,
so that salinities are least in summer and greatest in winter. No data are
available to support this assumption. Similarly, in the central arid areas,
where rain may fall in almost any season, it may be presumed that salinity
fluctuations are largely in rhythm with rainfall, localities being least saline
immediately after rainfall, then rapidly increasing in salinity due to evapora
tion. This pattern occurs in Lindsay Gordon Lagoon, near Wiluna (Brook
field, 1963). However, spring-fed lentic waters in this area (and elsewhere)
may show very little fluctuation in salinity; in Millstream Pool on the
Fortescue River, for example, the concentration of total dissolved solids
varied only 5 p.p.m. over a six-month period, from 769 p.p.m. in April
1923 to 774 p.p.m. in September of the same year (Simpson, 1928). Over
the same period, total dissolved solids in the adjacent Palm Pool varied
from 791 to 1,092 p.p.m., but this pool is more influenced by evaporation,
according to Simpson (1928). Presumably little seasonal variation occurs
also in artificial surface storages supplied by bore-water.
Salinity stratification is an interesting phenomenon in seasonal salinity
fluctuations. Simpson (1928), who remarked on it, stated that a feature
of many river pools is a quite fresh top-most layer of water during the
rainy season, when the lower layers may still preserve their higher
summer salinity. Similar conditions prevail in at least some reservoirs. On
occasion, the top-most layer of water in dams at Yornaning and Cranbrook
has contained, respectively, 71 and 293 p.p.m. NaCl, at the same time as
lower layers of water have contained, respectively, 875 and 500 p.p.m.
NaCl (Simpson, 1928). The same sort of stratification was said to exist in
Mundaring Reservoir by Montgomery (Wood, 1924, in discussion), but
this was denied by Limb (Wood, 1924, in discussion), who also pointed
out that in Chidlows Reservoir there was never a salinity difference between
the top- and bottom-most layers of water of more than 28 p.p.m. It may be
mentioned, however, that Chidlows Reservoir ( = ‘Lake’ Leschenaultia)
is much shallower than Mundaring Reservoir.
Long-term fluctuations in salinity have been of particular concern to
many agriculturalists, pastoralists, and water-supply authorities in Western
Australia, for over the past fifty years or so there appears to have been a
gradual increase in the salinity of some south-western lentic waters of
economic value, as well as an extension in size of areas of saline soil (but
see Burvill, 1950; Smith and Malcolm, 1959; Smith, 1961; Lightfoot, Smith
and Malcolm, 1964). Wood (1924) early drew attention to this pheno
menon, which, in the case of the increasingly saline waters, he attributed to
man’s destruction of the natural vegetative cover of drainage areas. As part
evidence, he quoted the increases in salinity at a small dam near Formby:
in 1911 and 1912 the water was ‘perfectly fresh’; it contained 571 p.p.m.
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‘salt’ in August 1913; and 28,571 p.p.m. ‘salt’ in November 1916. Between
1909 and 1913 most of the catchment area of the dam had been cleared of
its natural vegetation. O’Brien and Parr’s (1920) data on the chlorinity of
Mundaring Reservoir perhaps indicate the same sort of thing, for they show
a more or less consistent rise in overall chlorinity between 1901 and 1915.
The authors did not comment on this.
More or less complete major ionic analyses appear to have been pub
lished for only twelve Western Australian lentic waters of direct surface
origin (Simpson, 1916, 1928; O’Brien and Parr, 1920). Some of the
analytical data for eleven of these are shown in Table 2:8, in which they
have been recalculated for comparative purposes. The analysis of water
from Cunderdin Reservoir (O’Brien and Parr, 1920) is not included since
it is essentially the same as that for Mundaring Reservoir. All those salts
initially reported as carbonates have been recalculated to bicarbonates on
the assumption that pH values were below 8-4 (but see below).
On the basis of the table alone, the following comments are valid. In
saline waters, Na and Cl are the dominant ions, the ionic orders of
dominance being consistently N a > M g > C a > K and C l> S 0 4 > H C O :i.
In freshwaters also, Na is always the dominant cation, but the subsequent
cationic order of dominance may be M g > C a > K (usually) or C a> M g
> K (occasionally). At all salinities, K is the least abundant cation. In
freshwaters, Cl is usually the dominant anion, but occasionally H C 0 3 is;
S 0 4 is always the least abundant. Thus, the anionic order of dominance
in freshwaters may be C 1> H C 03> S 0 4 or HC0 3 > C 1> S 0 4. Although
no analyses of artesian or sub-artesian bore-waters are shown in Table 2:8,
the vast majority, inclusive of all the major underground basins, are like
wise dominated by Na and Cl ions (for further analytical details for borewaters see the numerous analyses in the appropriate references in the
Appendix).
These comments are broadly in accord with the generalizations of Anon.
(1962b, 1962c), and with Simpson’s (1916) and Montgomery’s (1917)
early statements that the salts present in Western Australian inland waters
are those common in sea-water, and predominantly NaCl. With some
confidence, therefore, the comments may be extrapolated to apply to most
lentic waters in the southern part of Western Australia.
Of interest at this point is an obscure publication by Samuel (1951),
who dealt with certain aspects of the chemical composition of twenty-two
lotic waters in the south-west of the State (comprising 381 separate
samples). He concluded that in all his localities with more than 200 p.p.m.
total dissolved solids, chlorides as NaCl formed approximately 75 per
cent of the dissolved salts, the degree of correlation between the two
components being very highly significant (r = 0-99). In south-western
lentic waters, the extent of the correlation between chlorinity and total
dissolved solids is less significant than this, but nevertheless is sufficiently
close for chlorinity readings to be regarded as a fairly accurate estimate of
total salt concentration— as is frequently done. Figure 2:4 indicates the
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extent of this correlation in a number of lentic waters for which appropriate
data are available.
Particularly within any one locality, chlorinity readings provide a very
good indication of the concentration of total dissolved solids; at Lake
Monger, Perth, for example, the ratio of chloride to total dissolved solids
(as p.p.m.) varied only between 0 310 and 0 386 in twenty-two separate
determinations between January 1955 and February 1958 (Edward,
unpublished).
3 5 0 ,0 0 0

100,000

50,000

Q

10,000

500

1,000

5 ,0 0 0 10,000

5 0 ,0 0 0 1 0 0 ,0 0 0 2 0 0 ,0 0 0

CHLORIDE (p.p.m .)

Fig. 2:4

Relationship of chloride to total dissolved solids in various lentic waters
of south-western Western Australia. Data from various sources.

According to Simpson (1916), Western Australian inland waters are
almost entirely weakly alkaline in reaction, and acid waters are rare.
Subsequent data in general seem to have confirmed this early opinion,
although high pH values have been recorded during blooms of Microcystis
sp. in a number of lakes near Perth, for example 9-2 at Lake Claremont.
However, several small temporary freshwater ponds on the Darling Scarp
are known to be acid with a pH of about 4 5, for example, Kelmscott and
Gosnell ponds (Watson, 1958).

NORTHERN TERRITORY
The vast area of the Northern Territory (1-36 x 106 sq km) and the
limited amount of information available (see Appendix) make it clear that
only the most fragmentary account can be given at present.
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I ___
SOUTH AUSTRALIA

Fig. 2:5

Distribution of some lentic waters in the Northern Territory, and their
relation to the principal hydrological regions (A-C). A, mainly exorheic;
B, mainly endorheic; C, mainly arheic. For index to symbols see Fig. 2:3.

In a manner similar to that for Western Australia (Fig. 2 :3 ), the
geographical distribution of certain lentic waters in the Northern Territory
is indicated in Fig. 2:5. Despite its obviously incomplete nature, this figure
illustrates some of the following points.
(1) Natural lentic waters that are usually fresh and more or less
permanent are present in widely separate areas of the Northern Territory,
generally as isolated pools located along the courses of intermittently
flowing rivers. Most occur in the northern exorheic region and along the
courses of such rivers as the Brunette Creek, and the Ranken, Elkedra,
Finke, and Hugh Rivers in the central endorheic region, especially where
these run through areas of highlands, e.g. the Macdonnell, James, Dulcie,
and Davenport Ranges. Such a river pool is shown in Plate 2:4. Not many
are indicated in the exorheic region in Fig. 2:5, because few specific
localities for this area are given in the literature. The largest freshwater
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locality is Lake Woods, which is fed by the Newcastle Creek. This has
many permanent waterholes. Lakes Corella and Sylvester are also large
and fresh. According to the Official Year Book of the Commonwealth of
Australia (1911), all of these large lakes are ‘occasionally’ or ‘sometimes’
dry; however, this seems to be true only for Lakes Corella and Sylvester,
and not for Lake Woods, which, according to local Aboriginal knowledge,
has never been known to dry out. In the Darwin district, permanent fresh
water lakes may occur as ‘depression springs’, that is to say lakes up to
720 m in diameter formed by the collapse of underground limestone and
fed by underground aquifers. Lake Dean is an example.
(2) Artificial permanent freshwaters also occur in widely separated
areas of the Northern Territory. They are supplied with water by either
surface catchments or sub-artesian bores. There are several in the far north,
e.g. Manton Dam supplying water to Darwin, and a number in the south
near isolated homesteads or located along stock-routes, e.g. Hamburger
and McGrath’s Flat Dams.
(3) Ephemeral saline lakes are most abundant in the south-west, but
they occur sporadically elsewhere. Thus, the presence of salt-pans along
certain parts of the coast of the Gulf of Carpentaria was mentioned by
Dunstan (1921) and by Kalix (1962), who also mentioned some small
salt lakes approximately 230 km north-west of Alice Springs. A. E.
Newsome has pointed out to me that Lake Caroline in the Simpson Desert
is an ephemeral salt lake.
The total range of concentration of total dissolved solids in natural
waters appears to exceed 300,000 p.p.m.; many saline lakes presumably
are saturated at various times, whilst the lowest concentration noted so far
is approximately 30 p.p.m. (pool in Stirling Creek near Inverway, K18 —
42-5 pmhos). In artificial waters, the range recorded by Williams and
Siebert (1963) is from 190 to 476 p.p.m., but it may well be much wider,
for many of the values for ‘public watering places’ tabulated by the Northern
Territory Administration Animal Industry Branch (1956) are greater than
3,000 p.p.m. total dissolved solids.
No data are available upon the extent and timing of seasonal fluctuations
in salinity in any lentic water in the Northern Territory. However, in those
not connected with underground supplies, fluctuations in salinity are prob
ably fairly extensive, many waters often passing from a fresh to a saline
condition. The range of fluctuation will depend inter alia largely upon the
morphometry of the locality and its position. The periodicity of fluctuation
is probably correlated with rainfall such that salinity is least immediately
after rain has fallen or at the end of the rainy season, and greatest just
before rainfall or at the commencement of the rainy season. In the north,
where rainfall follows a generally consistent and clearly defined seasonal
pattern, salinities, therefore, may be expected to be least in summer
(January-March) and greatest in winter (June-August). Farther south,
where rainfall becomes somewhat irregular, salinity fluctuations, too, may
be expected to occur irregularly.
Seasonal or irregular fluctuations in salinity may also occur in many
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waters supplied from underground sources, although the extent of such
fluctuations would seem to be relatively small because of the greatly
decreased effect of evaporation. That some fluctuation in the salinity of
groundwaters does occur is indicated by Williams and Siebert (1963), who
noted that near Alice Springs the salinity of the groundwater rises slowly
during a dry period and drops markedly after rainfall.
At least in those lentic waters with less than about 4,000 p.p.m. total
dissolved solids, the ionic composition is very variable, as is indicated in
Table 2:9, the data of which have been selected and partly recalculated
from Williams and Siebert (1963). The table shows that the ionic orders
of dominance exhibit at least eight of the twenty-four possible combinations
of the four major cations, and four of the six possible combinations of the
three major anions. However, on the basis of all the data in Williams and
Siebert (1963: tables 1 and 2 ), it seems that in localities of low salinity
H C 0 3 is the predominant anion, whereas at higher salinities Cl is, and that
there is some indication that Na is the dominant cation at higher salinities.
Williams and Siebert (1963) dealt only with waters containing less than
c. 4,000 p.p.m. total dissolved solids so that, unfortunately, there are no
detailed analyses for any markedly saline lake in the Northern Territory.
It is of interest to note, however, that NaCl is mined commercially from a
lake near Curtin Springs where deposits are 99-4 per cent NaCl. This has
been independently confirmed for me by B. D. Siebert, who noted that
several samples consisted of 98 per cent or more of NaCl. Further, the
salt-pans and lakes mentioned by Dunstan (1921) and Kalix (1962)
presumably deposit NaCl, since both authors were concerned only with
this mineral resource. It seems reasonable to presume that the waters of
most of the ephemeral ‘salt’ lakes and pans of the Northern Territory are
dominated by Na and Cl ions. However, in certain only slightly saline
localities it appears that Na and Cl are not always dominant; thus, in Fogg
Dam, near Darwin, which contained 5,795 p.p.m. total dissolved solids on
3 September 1957, the ionic orders of dominance were M g > N a > C a >
K: : S 0 4> C 1 > H C 0 3 (recalculated from unpublished information pro
vided by D. Tulloch).
Only very rarely have acid or markedly alkaline (p H > 8 -3 ) waters
been noted in the Northern Territory. The greatest pH value recorded by
Williams and Siebert (1963) was 8-2, but carbonates sometimes occur in
waters in the Tennant Creek area. By combining Williams and Siebert’s
(1963) data with unpublished data (range 6-0-7-5) for six localities near
Darwin, the mean pH value in eighteen artificial and natural lentic waters
was calculated as 7-2.

SOUTH AUSTRALIA
Of the seventy-eight major lakes of South Australia sensu stricto for which
data are tabulated in the Official Year Book of the Commonwealth of
Australia (1911), thirty-seven were classified as ‘salt’, seven as ‘brackish’,
and thirty-four as ‘fresh’. This indicates, then, that most South Australian
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lentic waters are saline. Apart from suggesting that the position is probably
reversed if only permanent lentic waters are considered, it does not seem
worth while attempting to go beyond this generalization.
The maximum recorded concentration of total dissolved solids in lakes
is 352,282 p.p.m. (Jack, 1921), and the minimum, 444 p.p.m. (Bayly and
Williams, 1964). The recorded range in artificial waters is from 230 to
3,287 p.p.m. (South Australian Engineering and Water Supply Department,
unpublished). The maximum recorded concentration of total dissolved
solids for mound-springs, according to Jack’s (1923) data, is 6,135 p.p.m.
and the minimum 891 p.p.m.; the mean concentration is 3,383 p.p.m.
(N i= 22).
The geographical distribution of various South Australian lentic waters
with respect to their general salinity and origin is indicated in Fig. 2:6. The
arrangement of the figure is similar to that of Figs. 2:3 and 2:5, but no
reference is made to the degree of permanence of natural freshwaters, and,
in addition, those natural waters either fresh or saline which are derived
from mound-springs are specially indicated. The figure is based mainly
upon the Official Year Book of the Commonwealth of Australia (1911)
and Jack (1921, 1923). The symbols on the map indicate one individual
locality or a group of similar localities.
The figure illustrates the following generalizations:
(1) Natural freshwaters occur mainly in the north-eastern quarter and
in the south-east of the State. Most of those in the north-east are either fed
by springs and are permanent or, seemingly, are overflows of the Mulligan,
Diamantina, or Cooper’s Creek. At least some (but probably most) of these
overflow lakes are not permanent and may become saline in the last stages
of drying out. The freshwaters in the south-east are more or less permanent.
Some are ‘windows’ on the groundwater, e.g. Blue Lake, whereas others
have no connection with the groundwater and are mostly supplied either
by distant (e.g. Lake Albert) or local (e.g. Lake Leake) catchments. As
can be seen from the figure, natural freshwaters occur in all four hydrological regions.
(2) Artificial freshwaters occur mainly in the south-east, most of the
larger ones, particularly, near Adelaide. However, many bores utilizing
freshwater from underground supplies outside the south-eastern area (e.g.
the Eucla, Pirie-Torrens, Cowell, Willochra, and Great Australian Artesian
basins) discharge into small dams. None is shown in Fig. 2:6.
(3) Saline permanent or ephemeral lakes are numerous and widespread,
occurring in all four hydrological regions. Most occur east of longitude
135°E., and there, except in the south-east of the State where they are
mainly restricted to coastal regions, in most low-lying areas (less than 200
m above sea level). Plate 2:5 shows the dry, salt-encrusted bed of Lake
Hart, a typical ephemeral saline lake.
The geographical distribution of mound-springs deserves special mention,
since, due to the work of Jack (1923), it may be plotted accurately with
respect to isopleths of total dissolved solids— see Fig. 2:7. Clearly and
perhaps expectedly, most are confined to the margins of the artesian basin,
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Fig. 2:6

~

Natural f re s h w a te r
( e x c l u d in g m o u n d - s p r i n g s )

O

Artificial p e r m a n e n t f r e s h w a t e r

II

M o u n d - s p r i n g o r g r o u p of m o u n d - s p r i n g s

A

P e r m a n e n t or t e m p o r a r y sa li n e l a k e s or p a n s

Distribution of some lentic waters in South Australia, and their relation to
the principal hydrological regions (A-D). A, exorheic; B, mainly endorheic;
C, mainly arheic; D, cryptorheic.

the exceptions being a few in the north-west. Saline mound-springs (3,0006,500 p.p.m. total dissolved solids) occur to the west and south-west of
Lake Eyre; elsewhere they are fresh (800-3,000 p.p.m. total dissolved
solids).
There appear to be no published data concerning truly seasonal fluctua
tions in the salinity or any other chemical factor of a South Australian
lentic water. However, as most of the State, including all of the southern
area, generally receives its rain during winter, it may be presumed that at
least in many lentic localities in the south not directly connected with
underground supplies of water the pattern of salinity fluctuation is similar
to that which occurs in south-western Western Australia (p. 31), with low
concentrations of salts in winter and spring and high concentrations in
summer and autumn. This presumption is supported by some data on total
dissolved solids in seven lakes in the south-east of the State; in all, the
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Fig. 2:7

Distribution of mound-springs in north-eastern South Australia with respect
to isopleths of total dissolved solids within the Great Artesian Basin. Based
on Jack (1923).

concentration in March (early autumn) 1964 was higher than in June
(winter) 1964, the minimum range being 42 p.p.m. (Lake Leake, 3,1573,199 p.p.m.), and the maximum 57,680 (Lake Robe, 120,360-178,040
p.p.m.). The extent of the fluctuations in salinity in four reservoirs near
Spencer Gulf over a short period (1957-61) is shown below.
Reservoir

Concentration of total dissolved solids
(p.p.m.)
Minimum
Maximum

Beetaloo ................................
Baroota
Bundaleer
Tod River ............................

230
486
730
1,367

471
1,158
1,585
3,287

Data from South Australian Engineering and Water Supply Department.

Fluctuations in salinity which are not strictly seasonal have been noted
for some ephemeral lakes in the central and north-eastern regions of the
State, where rainfall is rather variable in both timing and quantity, and
where— in the north-east— much water is derived from catchments outside
the State. Such fluctuations appear to be closely correlated with lake levels.
Southall (1962), writing about the lakes near Woomera, briefly mentioned
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the increased salinity of Lake Arcoona as its level fell, and Bonython
(1955b) remarked upon the increased concentration of NaCl in Lake Eyre
as the water-level fell after the flooding of 1949-50. By combining and
partly recalculating Bonython’s (1955a, 1955b) data upon the volume of
water in and the chemical composition of Lake Eyre, it is possible to
derive the approximate relationship between water-volume and salinity
shown in Fig. 2:8. The figure shows that in the initial stages of drying out
•

October 1950

•

February 1951

• ^ M a y 1951

December 1951
January 1952
50

200

SALINITY (G/L)

Fig. 2:8

Relationship of volume to salinity in Lake Eyre, South Australia, following
the flooding of 1949-50. Recalculated from Bonython (1955a, 1955b).

the salinity altered comparatively little despite the loss (by evaporation)
of a considerable volume of water; later, relatively small decreases in the
volume of the lake were correlated with marked increases in salinity.
As Bonython (1955b) pointed out, it is also possible to determine for
Lake Eyre the total or absolute amount of salt in solution at various times
before salt deposition began. He did so, and showed that as the volume
decreased so did the total amount of salt in solution. He offered no
explanation, but his results were used by Langbein (1961) in a discussion
of the mechanisms whereby such localities lose salts. Hutton (1958)
suggested that the main loss of salt from a small seasonal lagoon in south
eastern South Australia was by wind-action when the lagoon was dry, a
suggestion that agrees with Langbein’s (1961) ideas. Jack (1921) sug
gested that the main natural loss of salts in certain South Australian salt
lakes occurred during a period of ‘limited circulation’, by which he meant
a loss of salts by seepage of brine. In support, he suggested that if there
was no ‘circulation’ then the salt lakes would contain deep masses of
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accumulated salt, which they do not. No mention was made of salt loss by
wind-action, nor did he attempt to explain why those exceptions he drew
attention to (Beachport-Robe Lakes and Lake Macdonnell) do not have
large accumulations of salt.
As in Western Australia, long-term increases in salinity may be occurring
in a number of lentic localities in agricultural areas. For example, Munkowurlie Lagoon, Jack (1921) noted, was merely a ‘mudhole’ prior to
settlement but subsequently began to deposit salt.
A perusal of the thirty-nine available more or less complete analyses for
twenty-five separate localities having no connection with underground
water, as well as numerous analyses for mound-springs, bores, and those
lakes in the south-east which do connect with underground water, reveals
that the ionic composition of South Australian lentic waters exhibits a
certain amount of variation. The following cationic orders of dominance
have been recorded: M g > C a > N a > K ; N a > M g > C a > K ; N a > M g >
K > C a; N a > C a > M g > K ; and M g > N a > K > C a . Expressing for con
venience both carbonates and bicarbonates as carbonate, the anionic
orders of dominance recorded are: C 0 3> C 1 > S 0 4; C 1 > C 0 3> S 0 4; and

ci>so4>co3.

However, despite some variation, certain orders of ionic dominance are
much more prevalent than others. In the southern half of the State, with
one exception, all waters with salinities in excess of 4,000 p.p.m. have their
ions arranged in order of dominance as either N a > M g > C a > K : C 1> S 04
> C 0 3, or N a > M g > K > C a : C 1> S 04> C 0 3. In the exception, Lake
Macdonnell (Jack, 1921), the ionic order of dominance was M g > N a > K
> C a: C 1> S04> C 0 3. This lake, however, was apparently almost satur
ated (352,282 p.p.m. total dissolved solids) and probably usually displays
the same ionic order of dominance as most salt lakes in the south; an
analysis of the salt-crust beneath the brine showed that mostly (70 per
cent by weight) it was composed of NaCl, and that Mg was more abundant
than Ca. In the north-east of the State the only modern analyses of brine in
a distinctly salty lake are eight for Lake Eyre (Fenner, 1952; Bonython,
1955b, 1956). In five of these the ionic order of dominance was N a > C a
> M g > K : C 1> S 04> C 0 3; in three, the most saline (c. 323,000 p.p.m.
total dissolved solids), the order was N a > M g > C a > K : C 1 > S 0 4> C 0 3.
In this lake, despite the very marked fluctuations in salinity and the slight
change in the ionic order of dominance at the highest salinities recorded,
the equivalent proportions of the ions remained remarkably constant; Na
varied only from 95-2 to 96-4 per cent, K from 0 0 to 0-1 per cent, Ca
from L 0 to 2-9 per cent, Mg from L3 to 2-6 per cent, Cl from 96-1 to
97-6 per cent, S 0 4 from 2-3 to 3-6 per cent and C 0 3 from > 0 -0 1 to
0 -3 per cent. This constancy of composition, like that of Lake Corangamite, Victoria (p. 23), agrees with Langbein’s (1961) assertion that in
[closed] lakes the chemical composition varies but slightly with changes in
lake volume. The chemical composition of Lake Eyre probably mirrors that
of other saline lakes in the same area, although it must be stated that this
view is not corroborated by an early paper by Stirling (1900). He
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(1900:iv) was of the opinion that the dry northern surface of Lake
Callabonna was covered by calcium sulphate (lit. gypsum), whilst the dry
southern surface was covered by sodium sulphate. An ‘approximate
chemical analysis’ (by a Mr Turner) of clay from the bed of the lake
indicated that the major electrolytes present were ‘alkaline chlorides and
sulphates (mainly sodium sulphate)’. I regard this analysis with great
doubt.
In most of the analyses of waters having less than 4,000 p.p.m. total
dissolved solids and located in the southern half of the State, and of
mound-springs and bores in the north-eastern part, determinations of K
have been combined with those of Na. However, assuming that K is always
present in negligible amounts, an assumption clearly supported by calcula
tions of ionic balances in which Na + K values are treated as only Na, Na
appears to be the dominant cation in these analyses also, with one excep
tion: Beetaloo Reservoir, with a cationic order of dominance of M g> C a
> N a [+K ] (Livingstone, 1963). Concerning anions, Cl likewise is usually
dominant, but, in contrast to more saline waters, C 0 3 (or H C 03) may be
more abundant than S 0 4. This is usually so in waters in the south and
in those mound-springs and bores to the east of Jack’s (1923) hypothetical
‘neutral line’ (see Fig. 2:7) dividing the South Australian portion of the
Great Australian Artesian Basin into eastern and western parts. However,
in mound-springs and bores to the west of the ‘neutral line’, S 0 4 is more
abundant than C 0 3. Jack (1923) first drew attention to this geographical
division of mound-springs and bores in the north-east of the State on the
basis of their anionic composition; his explanation was that they had
different areas of intake.
In Table 2:10 a representative selection of analyses, recalculated from
various published sources, illustrates the above. Both carbonates and
bicarbonates are expressed as firmly bound C 0 2 only, i.e. as ‘C 0 3’.
All recorded pH values for South Australian lentic waters are greater
than 7-4, so on present evidence there seem to be no acid waters in the
State. However, all the available data relate only to south-eastern waters,
and there are none for those mound-springs in which S 0 4 forms a large
proportion of the anions. Many waters are distinctly alkaline. Robertson
(1929) investigated the pH of Lakes Albert and Alexandrina and the
Coorong at the mouth of the River Murray; the values he recorded varied
from 8 0 to 8-9. Possibly they are even higher during blue-green algal
blooms of Nodularia spumigera Mertens such as that Francis (1878)
recorded for these lakes. Similarly, the values recorded by Bayly and
Williams (1964) in four volcanic lakes near Mount Gambier varied
between 8-2 and 9-8, and in four reservoirs near Spencer Gulf the average
pH values have been between 8-1 and 8-4, with extremes of 7-8 and
8-7. Salt lakes in the extreme south-east appear to be less alkaline in
reaction; in nine studied recently the pH varied between 7 4 and 7-9.
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QUEENSLAND
Saline lakes are relatively few in number, and, despite the aridity of much
of the State and the presence of a large endorheic drainage region in the
south-west, there is no more or less well-defined region of salt lakes as there
is in South Australia and Western Australia. The large numbers of moundsprings (all fresh) located throughout the State, the numerous permanent
waterholes, seasonal claypans and lateral lakes in the north-west, and
freshwater coastal lakes in the south-east and north-east, therefore, make
it reasonable to assume that in Queensland natural lentic freshwaters out
number saline ones. If both artificial and natural waters are considered,
then the equation is even more heavily in favour of freshwaters. The
generalization remains valid irrespective of the degree of permanency of
the localities considered.
Extremely low salinities characterize the coastal lakes investigated by
Bayly (1964). The lowest found, 27 5 p.p.m., is the lowest recorded
salinity in any natural lentic water in Queensland. The highest figure so far
recorded is 87,624 p.p.m., for Lake Buchanan (Bayly and Williams, MS),
but not much value attaches to this as the locality is the only saline lake in
Queensland for which a determination is available. According to the data
in the Report of the first Interstate Conference on Artesian Water (1913),
the range of total dissolved solids in springs is from 124 to 1,497 p.p.m.,
and in bores from 85 to 19,174 p.p.m. In other artificial waters the
recorded range is from c. 30 to 2,000 p.p.m. (Simmonds, 1963a).
The geographical distribution within Queensland of a number of lentic
localities according to their general salinity and origin is indicated in Fig.
2:9. The localities are plotted within the same categories as those used in
Fig. 2:6, and the data are mainly from the Official Year Book of the
Commonwealth of Australia (1911), Dunstan (1921), Ward (1951),
Simmonds (1962a), Bayly (1964), and Bayly and Williams (MS). As
before, symbols on the map may indicate one locality or a group of similar
localities.
The figure will give substance to the following generalizations:
(1) Natural lentic freshwaters occur widely throughout the State. In
central Queensland, many are permanent and fed by springs from the
Great Australian Artesian Basin. Elsewhere, they mainly take the form
either of ephemeral-permanent waterholes, lateral lakes, and claypans, or
are permanent loci for individual catchment areas. Such waters occur also
in central Queensland. Though waterholes, lateral lakes, and claypans
abound in the north-west, not many localities of this kind are plotted in Fig.
2:9 because sufficient exact data are lacking. Five permanent lakes of
volcanic origin on the Atherton Tablelands (north-east Queensland) are
worthy of special mention: all are extremely fresh (salinity < 100 p.p.m.).
(2) Most of the larger artificial freshwaters occur in the south-east.
Nevertheless, such waters do occur throughout the State. As noted
previously, many bores discharge into small surface storages; these artificial
limnocrenes are widespread throughout the area covered by the Great
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♦

Fig. 2:9

Distribution of some lentic waters in Queensland, and their relation to the
principal hydrological regions (A-E). A, exorheic to Gulf of Carpentaria;
B, exorheic to Pacific Ocean; C, exorheic via Murray-Darling Basin; D,
mainly endorheic; E, mainly arheic. For index to symbols see Fig. 2:6.

Artesian Basin and are particularly abundant in the Queensland ‘sheep
belt’, a broad zone in the central lowlands extending from Hughenden and
Cloncurry in the north to Quilpie and Goondiwindi in the south. No
localities of this sort are shown in Fig. 2:9.
(3) Areas in which saline lakes are common appear to be few and
relatively small. A number of salt lakes occur near the southern coast of
the Gulf of Carpentaria, and many occur in the arid south-west. A few are
present in central Queensland, e.g. Lakes Buchanan and Galilee.
As Fig. 2:9 shows, saline lakes and both artificial and natural freshwaters occur in endorheic or exorheic drainage areas.
Just as Jack’s (1923) account made it possible to determine the distri
bution of mound-springs in South Australia with respect to isopleths of
total dissolved solids (Fig. 2 :7 ), so Ogilvie’s (1954) account enables

Plate 2:1

Above, Lake Tarli Karng, Victoria. By courtesy of Mr D. Buckmaster.
Below, Lake Crosby, Victoria
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determination of the same sort of distribution in Queensland. Since appar
ently this has not previously been attempted, yet is of considerable interest
in the present context, Fig. 2:10 has been prepared, based on Ogilvie’s
account and Ward’s (1951) map of the distribution of mound-springs. The
figure shows that, unlike the position in South Australia, mound-springs in
Re gion outsid * Gr #a t
A u s t r al ia n Ar t esi an Basir

M o u n d - s p r i n g or g r o u p
of m ou n d - s p r i n g s
I sop le th s of total
d is sol ve d solids (p.p.m.)

1,000
V ./*
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/

/

/

NEW SOUTH WALES

Fig. 2:10 Distribution of mound-springs in Queensland with respect to isopleths of
total dissolved solids within the Great Artesian Basin. Based on Ward
(1951) and Ogilvie (1954: fig. 60).

Queensland are not confined to the margins of the Great Artesian Basin,
and, moreover, none contains more than 3,000 p.p.m. total dissolved solids.
The least saline are in a region to the north-west of Hughenden; the most
saline, south-west of Longreach.
No data are available to indicate the exact nature of seasonal fluctuations
in the chemical characteristics of natural lentic waters. However, the
chemical composition and salinity of the waters within the Great Artesian
Basin are known to exhibit little temporal variation, so this probably applies
to mound-springs. In natural waters supplied only by surface drainage, no
doubt any seasonal fluctuations are at least partly in rhythm with seasonal
E
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climatic fluctuations. As rain falls mostly in summer over nearly all of the
State, it may be deduced that in many such waters salinities are perhaps
lowest during the summer and highest during the winter.
Those artificial lentic waters that draw their supplies from underground,
such as mound-springs, probably also exhibit little seasonal variation (see
Simmonds, 1963a). In those deriving their supplies mainly from direct
surface runoff, the pattern of fluctuation seems to depend to some extent
upon geographical position. Thus, in Somerset Dam, a large reservoir in
the south-east, Stephenson (1953) found that pH (surface), ferric Fe and
chloride values were greatest in summer and least in autumn and winter.
On the other hand, at Tinaroo Falls Dam, near Cairns on the north-east
coast of Queensland, seasonal fluctuations in the major chemical charac
teristics appear to be irregular according to data supplied by the Queensland
Irrigation and Water Supply Commission.
The ionic composition of Queensland lentic waters may most conveni
ently be discussed under two categories: natural and artificial lentic
waters, each having no connection with underground supplies, and natural
and artificial waters supplied by underground sources.
The analyses available for natural waters having no connection with
underground water are mainly those of Bayly (1964), Dunstan (1921),
Douglas (1965), and Bayly and Williams (MS). A few of these are
compared in Table 2:11, where Bayly’s analyses have been averaged— a
valid procedure in view of their great ionic homogeneity— and Dunstan’s
has been recalculated. As may be seen, in both the coastal lakes and Lake
Buchanan Na and Cl are the most abundant ions present, and K and H C 03
the least. However, in Lake Buchanan NaCl is present almost to the
exclusion of all other salts, whereas in the coastal lakes Mg and S 0 4 are
present in appreciable quantities. None of the extensive data of Bayly and
Williams (MS) or of Douglas (1965) are shown in Table 2:11. However,
a brief survey of these indicates the following ionic dominances for the
five areas noted (all the waters are fresh):
(1) M g ^ N a > C a > K : H C 0 3> C 1 > S 0 4; lakes on Atherton Table
land.
(2) N a > M g > C a > K : C I> S 0 4> H C 0 3; coastal lakes near Caps
Bedford.
(3) N a > C a ^ M g > K : C 1> H C 0;!> S 0 4; waterholes on periphery of
Lake Galilee.
(4) N a > M g £ C a > K : H C 0 3> C 1 > S 0 4; inland lakes near headwaters
of Burdekin River.
(5) N a > M g £ C a > K : C 1> H C 03> S 0 4; lakes near Rockhampton.
Although clearly there is considerable variation, some general statements
may nonetheless be made about these five areas. Except in the Atherton
Tableland lakes, Na is the dominant and K the least abundant catior.
Chloride or H C 0 3 may be the dominant anion, but S 0 4 never is. And
SO( is the least abundant anion, except in the coastal lakes near Caps
Bedford, where HCO;! is.
Sodium and Cl ions predominate in many artificial lentic waters net
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connected with underground supplies, as is indicated by the data of
Cassidy (1944) and Simmonds (1962a, 1963a, 1963b). Nevertheless,
again many different orders of ionic dominance occur, although H C 0 3
appears to predominate only in waters with less than 400 p.p.m. total
dissolved salts, and Ca only in waters with less than 210 p.p.m. total
dissolved salts. Sulphate ions are usually the least abundant anions. There
does not appear to be any clear geographical basis for the various orders
of ionic dominance; for example, although many surface storages inland
are cationically dominated by Ca, many appear more often to be dominated
by Na. Near the coast Na may be the dominant cation (e.g. at Tinaroo
Falls Dam) or Ca may be (see Cassidy, 1944).
The vast majority of artificial and natural lentic waters which draw their
water from underground supplies seem to be supplied by the Great Artesian
Basin. In the Queensland portion of the basin, sodium and bicarbonate ions
predominate, with sulphate ions present only in small amounts. As noted
by Ogilvie (1954), although local differences in ionic composition occur
within the basin, once waters have reached the main flowing areas their
chemical characteristics remain constant.
Table 2:11 shows a selection of analyses pertaining to artificial lentic
waters of direct surface origin and to waters derived from underground
sources, i.e. mound-springs and bore storages, together with Bayly’s (1964)
averaged and Dunstan’s (1921) recalculated data. All bound C 0 2 is
expressed as H C 0 3.
The only available information upon the pH of natural lentic waters of
direct surface origin is from Bayly (1964), Douglas (1965), and Bayly
and Williams (MS). Bayly’s data refer to various freshwater coastal lakes,
and show the definitely acidic nature of these, the values recorded
ranging from 4-2 to 6 0, with an average of 4-9. Similar values were
recorded by Bayly and Williams for five coastal lakes near Cape Bedford—
from 4-9 to 5-3. Values recorded for the Atherton Tableland lakes range
from 6-7 to 8-3. Other values recorded by Bayly and Williams range from
6- 4 to 9 0. In those artificial lentic waters of surface origin for which data
were tabulated by Simmonds (1962a) and which are not chemically treated
before being supplied to consumers, recorded values lie between 6 6 and
7 - 8, with a mean of 7-2 (N = 12). At Tinaroo Falls Dam, recorded
surface values lie between 6-1 and 7-6, with a mean of 6-8 (N = 12).
Stephenson (1953) recorded slightly higher surface values of between
6 - 9 and 8-8 with a mean of 7-6 (N = 9) at Somerset Dam, where there
appears to be a well-defined seasonal pattern of fluctuation in surface pH
value but at lower levels the pH apparently varies only slightly from season
to season, and overall is lower than surface values, with a range of 6-7 to
7 - 3. Dealing with the Great Artesian Basin, Ogilvie (1954) noted that
north of about latitude 26°S. the upper waters of the basin are invariably
alkaline to phenolphthalein, i.e. have pH values in excess of 8-2, whereas
the lower waters of the basin are often acid. South of latitude 26°S., there
are no ‘corrosive waters’, and towards the New South Wales border the
waters are strongly alkaline. No actual values were given by Ogilvie, and
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none is contained in the list of analytical data in the Report of the first
Interstate Conference on Artesian Water (1913).

NEW SOUTH WALES
The Official Year Book of the Commonwealth of Australia (1911) lists
over 250 natural lakes in New South Wales having no connection with the
sea. For nearly all, information is given upon morphometry and geo
graphical position, and most are classified as either ‘fresh’, ‘brackish’, or
‘salt’. On the basis of this presumably subjective classification, and
regarding ‘brackish’ and ‘salt’ waters as saline, it appears that about 86
per cent of the natural inland lakes of New South Wales are fresh and 14
per cent saline. If both natural and artificial lentic waters are considered,
the predominance of fresh over saline waters will, of course, be even
greater.
The lowest recorded concentration of total dissolved solids in a natural
water apparently supplied only by direct surface drainage is 42 p.p.m.
(Bayly, 1964), and the highest is 2,444 p.p.m.; no determinations are
available for any salt lake in New South Wales. For artificial waters
supplied by direct surface drainage, the recorded range is from 22 to c.
392 p.p.m. However, some of the reservoirs forming part of the construc
tion program of the Snowy Mountains Authority at times probably
contain much less than 22 p.p.m., since as little as 5 p.p.m. appears some
times to have occurred in Tumut Two Power Station tail-race (final exit
of Tumut Two Pondage). The range of concentration in spring-fed waters
TABLE 2:12

Concentration of total dissolved solids in various lentic
waters of New South Wales

Locality

Lake Eucumbenef
Avon Dam§
Cataract Dam§
Cordeaux Dam§
Woronora Dam§
Nepean Dam§
Warragamba Dam§
Lake Bathurst ||

Total
dissolved
solids
(p.p.m.)
25*
36*
42*
43*
48*
50*
96*
lo o t

Locality

Canobolas Reservoir]!
Island Lake, Cooma**
Lake George ]|
Burns Lake, Cooma**
Lake NeriaH
Lake Cargelligo]!
Lake Cootralantra**
Beard’s Lake**

* Mean of several values,
t Estimated from electrical conductivity,
t Snowy Mountains Authority (unpublished).
§ Beer (unpublished).
|| Weatherley (unpublished).
H Lake (unpublished).

Total
dissolved
solids
(p.p.m.)
112f

113
200f
305
322f

392t
1,607
2,444
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appears to be between 67 and 12,517 p.p.m., both values being from
Griffin (1963b), and in artesian and sub-artesian bores between 194 and
25,743 p.p.m., these values being from the Reports of the first and second
Interstate Conference on Artesian Water (1913, 1914). Since no exact
data upon the concentration of total dissolved solids in the major lentic
waters of the State have been published, Table 2:12 has been drawn up to
present what data of this sort are available.
From the data in Table 2:12, the abundant but general data in the
Official Year Book of the Commonwealth of Australia (1911), and Ward’s
(1951) map showing the distribution of mound-springs in New South
Wales, the geographical distribution of the major lentic waters of the State
is plotted in Fig. 2:11 on the same basis as in Figs. 2:6 and 9. It should be
noted that waters from the New South Wales portion of the Great Artesian
Basin are almost entirely fresh.
— n r -------

M UR RU M B I D G E E r .

Fig. 2:11 Distribution of some lentic waters in New South Wales. For index to
symbols see Fig. 2:6.

The figure shows that natural freshwaters are widespread but tend to
aggregate into four distinct regions. (1) the south-east (Kosciusko area),
(2) the region of confluence of the Lachlan, Murrumbidgee, and Murray
Rivers, (3) four more or less isolated areas lateral to the Darling River,
and (4) north-west of Bourke. In region (1) the majority of the lakes are
the loci of local drainage areas and at least some are more or less
permanent. Lake Cootralantra (Plate 2:6) occurs in this region. In regions
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(2) and (3) the lakes are largely anabranch lakes which fill only during
floods, according mainly to the periodicity of which they are eithei
ephemeral or more or less permanent. In region (4) mound-springs are
common, and they derive their water from the Great Artesian Basin and are
permanent. Outside the four regions, lakes are generally the loci of local
catchments.
The largest artificial waters comprise a number of reservoirs located along
the courses of the principal rivers and used primarily for irrigation, several
reservoirs near and supplying Sydney, and a number of reservoirs in the
Kosciusko region serving a combined irrigation and hydro-electric purpose.
Sub-artesian and artesian bores mostly occur in the north, that is in the
area underlain by the Great Artesian Basin, but some elsewhere, such as
those in the south-west, draw their supplies from the Murray River Artesian
Basin. No bores are shown in Fig. 2:11.
Inland salt lakes, as noted by Kalix (1962) and indicated above, are
not numerous in New South Wales. Most are in the north-western corner,
north of the Darling River. A few occur near the lower part of the River
Lachlan. None is of major commercial importance.
The eastern part of the State is exorheically drained, either by rivers
flowing eastward to the Pacific or by tributaries of the Murray-Darling
system. The western part is drained either exorheically or endorheically
and there are also arheic areas. As the drainage regions bear but little
relationship to the distribution of lentic waters, they are not shown in
Fig. 2:11.
It seems likely that seasonal fluctuations in chemical characteristics are
governed principally by seasonal changes in the intensity of evaporation,
for over most of the State rainfall shows no marked tendency to be
seasonally confined. At least in the larger south-eastern reservoirs, however,
there appear to be no well-defined seasonal changes in chemical composition
or salinity. Thus, data on the changes in the major ionic composition of
three large reservoirs in the south-east over various periods—Lake
Eucumbene (May 1958-December 1961), Cataract and Warragamba
Dams (July 1963-June 1964)—do not reveal any consistent seasonal
trends. An indication of the annual range in the concentration of the major
ions and in total dissolved solids in several south-eastern reservoirs is given
in Table 2:13. No data are available upon seasonal fluctuations in any
natural lentic water.
Very little of general application to the State can be said concerning
the ionic composition of lentic waters, except those of underground origin.
At present, it is possible only to summarize the data on various waters in
the south-east and to note the information given by Bayly (1964) for the
two waters he dealt with in the north-east. Some representative analytical
data are given in Table 2:14, in which all bound C 0 2 is expressed as
HCO;}only.
The seven major reservoirs supplying water to Sydney are rather con
sistent in ionic composition. In Cataract, Cordeaux, Avon, Nepean, and
Woronora Dams the major ionic orders of dominance during the year
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July 1963-June 1964 were C 1> H C 03> S 0 4 and N a > M g > C a > K .
Warragamba Dam differed slightly in that the orders were H C 0 3> C 1 >
S 0 4 and N a > C a > M g > K . The principal stored waters of the Snowy
Mountains Scheme appear to have a rather different composition; in Lake
Eucumbene, for example, the average orders of ionic dominance were
M g > N a > C a > K and C 1> H C 03> S 0 4. In more or less the same area,
natural waters display a variety of ionic compositions; in seven lakes for
which unpublished data are available, the following ionic orders of domin
ance were recorded: C a > N a > M g > K (two lakes), N a > C a > M g > K
(two lakes), C a> M g = N a > K (two lakes), C a > M g > K > N a (one
lake), and H C 0 3> C 1 > S 0 4 (five lakes), C l> H C O s + C 0 3> S 0 4 (two
lakes). The ionic orders of dominance in the two waters discussed by
Bayly (1964) were N a > M g > C a > K and C 1> S 04> H C 0 3.
Most bores and natural springs draw their water from the Great Artesian
Basin. The composition of the water in the New South Wales portion of
this is generally as it is in Queensland (p. 52), the major ions being sodium
and bicarbonate. Underground water from other sources is of varied
composition; that from the next biggest artesian basin, the Murray River
Artesian Basin, consists mainly of Na and Cl ions, but with appreciable
amounts of Mg and S 0 4.
A wide range in the pH of New South Wales lentic waters occurs both
in those of direct surface origin and in those of underground origin. The
lowest recorded value in waters of direct surface origin is 4-5 (Bayly
1964) and the highest 9*1. Between these extremes, however, recorded
values lie generally above 7-0, except those relating to most of the
reservoirs supplying Sydney; for these, values lie between 6 0 and 7-0
except in Warragamba Dam, which has a slightly higher value— 7-3. Some
notable values include 8*7 and 8 8 (Lake George), 7-0 (average, Lake
Eucumbene), 6-7-8-8 (six natural lakes near Cooma), 7-4 (Lake Canobolas), 9-0 (Neria Lake near Menindee) and 8 6 (Lake Cargelligo).
Not many data on pH are available for waters of underground origin. Those
which are indicate that most such waters are weakly alkaline in reaction.
Nevertheless, wide extremes do occur and a pH of 4 1 has been recorded
from Toukley Bore and 12 5 for a bore at Jerilderie (both values from
Griffin, 1963b).

SYNOPSIS AND DISCUSSION
A discussion along three main lines may usefully be undertaken as a
conclusion to the several separate preceding sections. It is worthwhile to
attempt to summarize the separate accounts in order to provide an overall
and general synopsis and also to give a resume of the various hypotheses
that have been advanced concerning the origin of the ions in Australian
inland waters. And, finally, it is of interest to examine the idea recently put
forward by Bayly (1964) that certain coastal lowlands in the southern half
of Australia have a degree of limnological unity.
The proportions of fresh and saline lentic waters in the various States
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vary: in Tasmania, New South Wales, and Queensland freshwaters seem
predominant; in Victoria, slightly less than half of the lakes are fresh; but
in the total lentic environment freshwaters again are more numerous than
saline waters. Approximately the same sort of relationship appears to hold
for South Australia: when all lakes are considered, saline lakes seem to be
slightly more numerous than fresh, but if reservoirs and bore storages are
considered, then the proportion of freshwaters increases. It is not possible
to state whether fresh or saline lentic waters are the more common in
Western Australia and the Northern Territory. The recorded absolute
range of concentration of total dissolved solids in natural lentic waters is
from 18 p.p.m. (moorland pool near Pine Lake, Tasmania) to 352,282
p.p.m. (Lake Macdonnell, South Australia); in artificial lentic waters it is
from about 5 p.p.m. (Tumut Two Pondage, New South Wales) to 267,970
(dam at Southern Cross, Western Australia).
Salt lakes occur widely throughout Australia, although they tend to be
aggregated into a number of fairly discrete areas and to be much more
numerous in the southern half of the mainland. Generally, they occur in
Victoria on the western basalt plains and in the arheic north-west, in South
Australia east of longitude 135°E., and in Western Australia in a central
southern region. They are also abundant in the south-east of the Northern
Territory, but are relatively sporadic in the northern half of Australia and
in New South Wales. They are rare in Tasmania.
Freshwater lentic localities, too, occur widely throughout Australia. In
the cooler and more humid regions (Tasmania and parts of Victoria and
New South Wales) they are often permanent lakes or reservoirs supplied
only by surface drainage. Elsewhere, natural freshwaters appear mostly to
be ephemeral when supplied only by surface drainage (e.g. many anabranch
lakes), but may be more or less permanent when supplied by underground
sources (e.g. waterholes and mound-springs). Artificial freshwater storages,
supplied by either surface or underground sources, occur throughout the
inhabited part of the continent.
Seasonal fluctuations in the concentration of total dissolved solids in
waters of direct surface origin in the southern part of Australia (where
rain falls mostly in winter) seem to be more or less in rhythm with climatic
fluctuations, maximum concentrations occurring in summer and minimum
in winter. It is suggested that in northern areas (where rain falls mostly in
summer) this pattern is reversed. In all areas, waters derived from under
ground sources seem to exhibit little seasonal variation in total dissolved
solid concentration. Non-seasonal fluctuations of total dissolved solid
concentration have been noted for several Australian lentic waters. In
many cases, these fluctuations arc correlated with climatic irregularities; in
others, especially where concentration has increased gradually over many
years, the fluctuation seems to be correlated with nearby human settlement.
Although fluctuations in the concentration of total dissolved solids may be
of considerable magnitude in saline lakes, present evidence is that, at least
before saturation is reached, marked changes in ionic proportions do not
result from such fluctuations.
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The most salient feature concerning ionic proportions in Australian
lentic waters is the predominance of Na amongst the cations and Cl
amongst the anions. These predominances operate in both fresh and saline
waters, although more exceptions occur in freshwaters. Although very
occasionally cations other than Na may be dominant in saline waters, Cl
appears always to be the dominant anion, and, therefore, probably all
Australian saline lakes may be considered as chloride waters. Carbonates
(or bicarbonates) appear to be the least abundant anions in saline lakes,*
and either Ca or (perhaps more usually) K the least abundant cations.
Summarizing, the usual order of ion dominance in saline lakes appears to
be N a> M g > C a> K : C1>S04> H C 0 3 + C 0 3.
Rather more variation in cationic proportions occurs in freshwaters,
although here, too, K seems usually to be the least abundant cation and
Na the most abundant. The usual anionic order of dominance in fresh
waters is C1>HC03 -f C 0 3> S 0 4, so that in most instances the ionic
order of dominance seems to be either N a> M g > C a> K : C1>HC03 -jC 03> S 0 4 or N a> C a> M g > K : C1>HC03 + C 0 3> S 0 4.
A wide range of pH values has been recorded from Australian lentic
waters; the maximum value is 9 8 (Browne Lake, South Australia) and
the minimum 4-2 (small lake on Frazer Island, Queensland). Because of
the paucity of data, no clear overall picture may be drawn, but values in
Tasmania seem to lie mostly below 1 0 , whereas those in Victoria, Western
Australia, the Northern Territory, South Australia, and perhaps New
South Wales lie mostly above 7 0. In Queensland many values lie above
and below 7-0.
The question of where the salts in Australian inland waters principally
originated has long intrigued geologists, chemists, and others. The ultimate
sources suggested (either singly or in combination) are: (a) beds of rock
salt, (b) salt contained in interstices of sediments laid down under marine
conditions, (c) rocks which on decomposition yield various soluble
products, (d) relictual seawater, (e) the sea by way of wind transportation
of salt particles—salts so transported are usually termed ‘cyclic salts’ and
are regarded as being deposited principally in solution during falls of rain.
Most Australian authors have considered (e) as by far the most likely
ultimate source, although certain authors have regarded sources (b), (c),
and (d) as of greater or less importance. Source (a) has received little, if
any, support.
Montgomery (1917) thought (b) to be the main source for salts
in Western Australian inland waters, and he regarded rock salt as
unimportant. Bonython (1956) did not altogether discount a significant
contribution to the salts of Lake Eyre, South Australia, from connate salt
weathered out from old marine sediments. Göczel (1894), Woodward
* Recent investigation (October 1966) has revealed the existence of several highly
alkaline and distinctly saline lakes in Victoria. All are associated with Red Rock,
a volcanic uprising close to the south-eastern shore of Lake Corangamite. In them,
pH exceeds 9-0, and (bi-)carbonate, whilst not exceeding chloride, may closely
approach the latter ion in importance.
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(1897), and Talbot (1920), referring to Western Australian waters,
thought that the products of decomposition of certain rocks (source (c))
were the principal source; Göczel (p. 25) went so far as to state that ‘in
nearly all the quartz, felspar, homeblend, and augite crystals of volcanic
rocks, microscopic cavities containing salt solutions, or even common salt,
in cubic crystals, occur’. Palaeozoic rocks long since eroded were thought
by Talbot to be the main original source. Initially, Jack (1912), too,
presumed that the decomposition of certain rocks (felspar porphyries)
contributed significantly to the salts in South Australian waters, but in the
same paper he retracted this presumption in favour of source (e).
The idea that relictual seawater (source (d)) has contributed to the
salts of inland waters has received most support from Western Australian
workers. Streich (1893) was perhaps the first to suggest that much saline
matter in Western Australian inland waters represented the final products
of evaporation of portions of the ocean trapped in depressions following
an overall elevation of Western Australia. Simpson (1923) clearly held
similar views, even though he mentioned ‘cyclic salts’. However, by ‘cyclic
salts’ he meant only salts that were the same as those present in seawater.
Some supporting evidence for Streich’s and Simpson’s views was the
discovery in certain lakes of a supposedly thalassoid mollusc, Coxiella
striatula (Menke), by d au ert and Feldtmann (1928), but the marine
origin of this species was denied later by Chapman (in Jutson, 1934:222).
Blatchford (1929) and Teakle (c. 1928) also thought that at least in the
southern part of Western Australia relictual areas of seawater had con
tributed salts to inland waters. Whilst some more recent opinions still
attribute a degree of importance to the former marine submersion of
Western Australia (e.g. Burvill, 1950; Smith, 1961), they do not state
exactly how the marine salts have been contributed. Jutson (1934) cate
gorically stated that ideas of a marine origin for the salts of Western
Australian inland waters were untenable.
A majority of Australian authors, as noted, have considered wind
transport of salt particles from the sea with subsequent deposition in rain
(source ( e ) ) as the only or at least the major source of the salts in various
Australian inland waters. Such authors include Jack (1912, 1914, 1921,
1930), Weller (1928), Teakle (c. 1928, 1937), Blatchford (1929),
Anderson (1940, 1941, 1945), Cassidy (1944), Burvill (1950), Bonython
(1956), Smith (1961), and Bayly (1964). Anderson (1945) has already
provided a valuable review of most papers published before 1945, and there
is, therefore, no need to give details of these here. Subsequent to 1945,
Burvill (1950) and Smith (1961) mentioned briefly that significant
amounts of salts present in Western Australian waters were contributed by
rainwater; Bonython (1956:87) suggested that the most likely source of
the huge amounts of saline matter in Lake Eyre ‘is oceanic salts carried
inland by wind and brought down by rain to become trapped in the basin
of inland drainage’; and Bayly (1964), referring to several freshwater
coastal lakes in Queensland, noted that their ions appeared to have been
derived from the ocean.
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In general, the evidence favouring the ‘cyclic salt’ hypothesis is of three
basic sorts: (a) negative evidence, in the sense that, with the possible
exception of parts of Western Australia, there is no other likely main
source; (b) evidence from the very close similarity to the sea of the ionic
proportions of certain inland waters; and (c) evidence from analyses of
rainwater, including calculations based on them which demonstrate that the
amounts of dissolved salts in rainwater are usually sufficient (sometimes
abundantly so) to account for the amounts present in inland waters. The
papers of Wood and Wilsmcre (1929), Hutton (1958), Hutton and Leslie
(1958) and Wetselaar and Hutton (1963) are important for the last sort
of evidence, for, whilst not specifically referring to the origin of the salts in
Australian inland waters, they do indicate that significant amounts of
dissolved salts are present in Australian rain, and that in general larger
amounts of salts are present the nearer the rain falls to the coast and when
the wind is blowing from sea to land. Hutton’s (1958) and Wetselaar and
Hutton’s (1963) papers, particularly, are valuable in that they indicate that
salts of terrestrial as well as of immediately marine origin may be dissolved
in rainwater. Two papers by Twomey (1954, 1955) may also be men
tioned; they give evidence of the actual presence of sea-salt particles in the
atmosphere.
In summary, on the basis of present evidence the most likely principal
source of the major ions in Australian inland waters seems ultimately to
be the sea, but secondary accessions of terrestrial dust to the atmosphere
may play an important role in distributing these ions inland (probably to
a degree that varies with different elements). This assumption appears
reasonable; nonetheless, certain overseas workers have expressed varying
degrees of scepticism of its validity (cf. Livingstone, 1963:31).
Whereas the major ions of Australian inland waters probably originated
for the most part from the sea, at least some minor ions may well have
other important sources. Thus, there is accumulating evidence that
significant amounts of N 0 3 follow nitrogen fixation by vegetation, primarily
Acacia spp. (cf. Murray and Siebert, 1962; Williams and Siebert, 1963).
Little or no N 0 3 seems to be contributed by the action of lightning on the
atmosphere (Wetselaar and Hutton, 1963).
Finally, it remains to discuss Bayly’s (1964) suggestion that many
coastal lowlands in Australia have a certain limnological unity; that,
although exceptions do occur, exposed coastal lowlands in a number of
defined regions throughout Australia are characterized inter alia by lakes
with extremely low concentrations of total soluble salts ( < 150 p.p.m .).
The defined regions are those proposed by Coaldrake (1961) as being
botanically analogous and forming a single ecosystem (sensu Tansley,
1935); they are clearly mapped in Bayly (1964, fig. 1).
Bayly based his suggestion mainly upon his own thorough and detailed
chemical study of twenty localities on the southern Queensland and
northern New South Wales coasts and upon forty-five analyses of groundwater from the same area reported by Coaldrake. He concluded (p. 57)
that
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although the present chemical studies are restricted to sand-dune waters
within the Coff’s Harbour-Gladstone coastal lowlands, there is good
reason to believe that the findings are applicable to lakes and swamps
lying within the analogous regions shown in Figure 1, even in many
cases where they lie outside the region of true sand-dunes.
A strict interpretation of this conclusion might be that most waters
within the regions defined are generally similar to those studied in the
Coff’s Harbour-Gladstone coastal area. However, a close examination of
each of the regions reveals that such is not the case; not only are the waters
themselves quite different, but the physiographical and geological nature of
most of the regions by and large precludes the formation of localities
similar to those studied by Bayly.
Thus, a perusal of data given in preceding sections of this chapter
indicates that with some exceptions, particularly in Tasmania, most of the
regions in the defined area do not have low concentrations of total soluble
salts. In the large well-defined area in south-east South Australia, for
example, there are no known natural surface waters with extremely low
concentrations of soluble salts.
An indication of the physiographical and geological dissimilarities is
given by Coaldrake’s separate statement (in Hill and Denmead, 1960:
405-6), that the most conspicuous feature of Queensland sand-dunes, their
siliceous nature, contrasts strongly with the conspicuously calcareous nature
of many of the (botanically) analogous coastal dune areas in southern
Australia. Many geological papers support this statement, e.g. one by
Coulson (1940) dealing with the sand-dunes of the Portland district,
Victoria (one of the regions defined by Coaldrake), in which analyses of
sand are quoted showing that C aC 03 forms between 75 and 93 per cent
by weight of the sand. The principal areas of siliceous sand in southern
Australia appear to be in northern Tasmania (see Jennings, 1957; Hubble,
1946).
It appears then that Bayly’s (1964) suggestion requires care in its
interpretation. He recently indicated to me personally that the statement
extends only to those lakes and swamps of similar origin to those studied
in southern Queensland and northern New South Wales. Such lakes, indeed,
appear largely to be confined to those of Coaldrake’s regions where
siliceous dunes occur (but see also ch. 3).

APPENDIX
Victoria
The earliest chemical analysis of a Victorian lake appears to be that of Wilson
(1879), who gave an incomplete analysis of water from Lake Corangamite
made by Johnson in 1875. A few years later, Craig and Wilsmore (1893)
provided a more complete analysis for the same lake. A little subjective
information upon the salinity of various Victorian lakes was given by Gregory
(1903), and information of a similar sort for most of the larger lakes and
reservoirs was presented in the Official Year Book of the Commonwealth of
Australia (1911) and the Victorian Yearbook for 1911-12 (1912) and 1965
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(1965); these sources indicated, without any quantitative basis, no more than
that each locality was ‘fresh’, ‘brackish’, or ‘salt’. Some very general chemical
information was given also by Hills (1940, 1959) and, for Lake Corangamke
only, Skeats and James (1937). More exact information for a few Victorian
lakes, reservoirs, and rivers is contained in the papers of Anderson (1949,
1941, 1945, 1947). More recently, almost complete analyses of the major
ions in many large Victorian reservoirs have been obscurely published by the
State Rivers and Water Supply Commission of Victoria (1954); Alexander,
Sutcliffe and Knight (1956) have discussed salinity changes in Lake Corangamite; and Cane (1962) has provided some useful information on three
saline lakes in north-western Victoria. Finally, I have given a synoptic account
of past and recent chemical studies on Victorian lentic waters (Williams
1964a), and a paper has recently been published which gives detailed chemical
data concerning certain Victorian and South Australian saline lakes (Bayly
and Williams, 1966). I also have unpublished chemical data for most of the
larger Victorian lentic waters. Reports of the first, second, and fifth Interstate
Conference on Artesian Water (1913, 1914, 1928) contain analytical data for
numerous Victorian bores, many of which discharge into small surface
storages.
It is not the purpose of this chapter to provide physiographical details,
but there are useful references to the physiography of Victorian lakes in
Coulson (1940), Harris (1938), Hills (1939, 1959), Ollier and Joyce (1964),
and Thomas (1928a, 1928b), whilst Bird (1961a, 1961b, 1961c, 1962, 1963)
has dealt at length with the physiography of the Gippsland lakes, and there is
a very brief introduction to the major physical characteristics of Victorian
lakes and reservoirs in Williams (1964a), and a description of the reticulated
water-supply system of the State Rivers and Water Supply Commission in
East (1933).
Tasmania
Several papers contain quantitative chemical information for Tasmanian lentic
waters. They are those of Powell (1946), where the data are fragmentary and
refer only to Lake St Clair; Rochford (1952, 1953), which refer mainly to
Lake Dobson and to Penna Dam and concern chloride, dissolved oxygen,
phosphate, nitrate and pH values, and, in part, were noted as being unreliable;
Weatherley and Nicholls (1955), which refers only to Lake Dobson;
Weatherley (1958), applicable to a limited number of farm dams; Ancn.
(1962a), upon the pH of certain lakes on the central Tasmanian plateau;
Livingstone (1963), confined to Arthurs Lakes and the Great Lake; and
Williams (1964b), which deals in part with lentic waters based largely on a
visit to Tasmania in 1962 and analyses by Mr M. H. R. Shipp of the Govern
ment Analyst Laboratory, Hobart. This gives information on pH, and the
amounts of total dissolved solids and calcium, magnesium, and bicarbonate
ions in over thirty lentic waters scattered throughout the island, including
small moorland pools, lowland ponds and lakes, coastal lagoons isolated from
the sea, and all the major plateau lakes and reservoirs, together with some less
complete information upon orders of ionic dominance.
The regional account (p. 25), therefore, is derived mainly from Williams
(1964b), apart from the addition of some unpublished data relating to Calvert’s
Lagoon, two lagoons on Flinders Island and a salt lake near Tunbridge.
Underground water supplies need no consideration since there are no artesian

Plate 2:2

Lake Ada, a typical central plateau lake in Tasmania

'

Pleite 2:3

Nicholl Spring, Ethel River, a tributary of the Ashburton River, Western
Australia. From Jutson (1934); reproduced with the permission of the
Geological Survey of Western Australia.

Plate 2:4

Above, freshwater pool in Macdonnell Ranges, Northern Territory

Plate 2:5

Centre, dry salt-encrusted bed of Lake Hart, South Australia. By courtesy o f
Mr R. J. Nott.

Plate 2:6

Below, Lake Cootralantra, New South Wales
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Or sub-artesian basins in Tasmania. A brief resume of the physical background
to Tasmanian lentic waters is also given in Williams (1964b).
Western Australia
Papers referring to some aspect of the chemical nature of Western Australian
lentic waters are relatively numerous. Generally, however, each contains a
limited amount of information, so a comprehensive account is not possible.
Some unpublished information concerns the concentration of total dissolved
solids and chlorinity of lentic waters in the south-west of the State (D. H. D.
Edward), and the chlorinity of a number of pools along the courses of some
rivers in the central western region and the drier parts of the south-west
(D. L. Serventy). Dr Serventy has also given me an unpublished summary of
the general nature of lentic waters near Perth. Finally, I have unpublished
data on the conductivity and concentration of total dissolved solids of various
surface waters in the far north (Kimberley region).
The papers of Carnegie (1898), Talbot (1910, 1920, 1926), Talbot and
Clarke (1917), Maitland (1919), Easton (1922), and Morgan (1955) are of
interest mainly because they refer briefly to the position, mostly in arid areas,
of a number of small lentic localities that generally contain potable water.
The Official Year Book of the Commonwealth of Australia (1911), although
listing 191 lakes in Western Australia, for nearly all of which data on breadth,
length, area, and position are given, indicated the chemical nature of only
fifteen. They are noted simply as ‘fresh’, ‘brackish’, or ‘salt’. The first quantita
tive estimations appear to be those of Alexander (1914),* who determined
the amount of total dissolved solids and chloride ions in two lentic waters
near Kalgoorlie. Simpson (1916), however, was the first to provide some
complete or almost complete major ionic analyses. These were for two dams,
one at Southern Cross, the other at Wagin, and for Smith’s Swamp (near
Perth) and Lake Cowan. Interestingly, this author, on the basis of the very
first major ionic analyses published, remarked that although the concentration
of total dissolved solids in Western Australian inland waters varies from 200
to 235,000 p.p.m. the ionic composition of the waters does not vary greatly,
consisting mainly of ‘cyclic salts’ (see p. 60), with a predominance of sodium
chloride. Montgomery (1917) came to a similar conclusion but gave no
analyses.
Almost complete major ionic analyses for Mundaring and Cunerdin Reser
voirs were published a few years later by O’Brien and Parr (1920), whose
data, although requiring recalculation for comparison, are very useful in that
they include for Mundaring Reservoir a number of almost complete analyses
obtained over several years, as well as analyses of chloride alone obtained
approximately monthly between 1901 and 1915. Wood’s (1924) important
paper drew attention to the increase in the salinity of certain artificial lentic
waters after their catchments were cleared of natural vegetation.
Simpson (1928) made the first attempt at a comprehensive survey of the
nature of inland waters in Western Australia. He mentioned a variety of
waters scattered throughout the State and including many lentic ones. For
these he gave useful information upon both physical and chemical characteris♦Woodward (1897) noted that water beneath the beds of the salt lakes of southern
Western Australia often contains as much as forty ounces of salt per gallon
(= 250,000 p.p.m.).
F
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tics, his paper including complete major ionic analyses of surface water from
seven essentially lentic localities and less complete chemical information for
other similar localities. Some localities mentioned by Simpson—those on the
Fortescue River—were briefly alluded to again by Field (1934), who also
drew attention to the presence of large, permanent, and quite fresh lentic
waters along the courses of the intermittently flowing rivers of the extreme
north of Western Australia. One near Wyndham, Field (1934) noted, per
manently contains 20-30 million gallons (90-135 million litres) of water
with only about 57 p.p.m. total dissolved solids.
Jutson, who in his mainly physiographical account (1934) commented
briefly on the nature and origin of the dissolved salts in and deposited by
ephemeral saline lakes, also made many general remarks upon lentic waters
throughout Western Australia and was referred to by Anderson (1945) in a
resume of the nature of the salt lakes of Western Australia.
In another general account of the salt lakes of Western Australia, David
and Browne (1950) noted that the clayey beds of the salt-pans of the southern
interior are saturated with brine containing as much as 24 per cent NaCl.
According to David and Browne, common salt has been harvested commercially
from Lake Deborah, Lake Cowan, and other lakes at Norseman, and from
lakes near Southern Cross, Widgiemooltha and elsewhere.
The accounts of Shipway (1948), York (1950), Robinson (1951), and
Watson (1958) yield some useful information for the south-west. Shipway
noted that the salinity of ‘Lake’ Leschenaultia (= Chidlows Reservoir) was
620 p.p.m. in April 1948 but in the past had been as high as 857 p.p.m.
York’s account mainly concerns seasonal variation in populations of Entomostraca in four temporary ponds at Tammin, 180 km east of Perth, but
includes data upon the seasonal fluctuations of some chemical characteristics
of these ponds over periods of up to five months. Robinson, dealing with
Lake Cooloongup, noted that in May 1951 its chlorinity was 5,140 p.p.m.
And Watson, in a study concerned with the dragonflies of south-west Western
Australia, gave information upon pH, chlorides, and dissolved oxygen in
Kelmscott Pool and Perry’s Swamp, both permanent lentic waters, and
Gosnell’s Pond, an ephemeral pond.
Hodgkin (1959) and Edward and Watson (1959) referred to the chlorinity
of the saline and freshwater localities on Rottnest Island. The former noted
that the chlorinity of the five main salt lakes varied between 27,000 and
183,000 p.p.m.; the latter noted that the chlorinity of the fresh or brackish
[sic] localities ranged from 600 to 68,500 p.p.m.
Serventy and Whittell (1962) made passing reference to the fact that ground
and surface waters north of a so-called mulga-eucalypt line are mostly fresh,
whereas south of this line groundwaters are saline. Roughly, the mulga-eucalypt
line may be said to run south-eastwards inland from Shark Bay to Mount
Jackson (north of Southern Cross), whence it continues in an easterly direc
tion. North of the line, according to Serventy and Whittell, woodlands are
dominated by mulga (Acacia spp.), south of the line, by eucalypt species
(see Fig. 2:3). A climatological explanation of the mulga-eucalypt line on the
basis of a hygrostatic index was attempted by Ge'ntilli (1948). Brief reference
to the mulga-eucalypt line was also made by Serventy and Hodgkin (in Ride
and Serventy, 1962) in a very general summary of the nature of Western
Australian inland waters.
Although no detailed analyses are given, the Annual Report of the Western
Australian Government Chemical Laboratories for 1961 (Anon., 1962b) is
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of some interest in that it states (p. 8): ‘examination of the ratio of a number
of main constituents to chloride in a number of analyses of Hills Reservoirs
[ j7c ] and of deep metropolitan artesian bores showed fairly constant ratios
within the two groups’. ‘These results show how closely the Hills water
resembles diluted sea-water, the only major difference being in the bicarbonate
figure, for which this difference is easily accounted.’ ‘Hills Reservoirs’, I am
informed by Dr D. H. Edward, may be taken as referring to Mundaring,
Canning, Harvey, Serpentine, and Victoria Reservoirs. According to Anon.
(1962c), this similarity to seawater occurs in waters throughout the agricul
tural areas of the State, where about 75 per cent of dissolved salts are NaCl,
although the proportion of NaCl is less in pastoral and northern areas. Also
according to Anon. (1962c), no natural waters of Western Australia have
been found to be dominated by Mg salts (lit. magnesia). Unfortunately,
neither assertion is supported by actual analyses; presumably they are based
on the many unpublished analyses of the Government Chemical Laboratories,
Perth.
Finally, the papers of Bettenay (1962) and Brookfield (1963), and the
Reports of the first and second Interstate Conference on Artesian Water
(1913, 1914), should be mentioned. Bettenay noted briefly that present-day
deposits of the salt lakes of the semi-arid areas of Western Australia consist
of a thin crust of halide crystals and gypsum. Brookfield gave a general
account of the surface and underground waters of the Wiluna-Meekatharra
district. The reports of the Interstate Conferences on Artesian Water contain
many detailed analytical data for numerous bores scattered throughout the
State.
The following papers contain much information of physiographical interest:
Woodward (1897), Gregory (1914, 1916), Jutson and Simpson (1917),
Aurousseau and Budge (1921), d a u e rt and Feldtmann (1928), Jutson
(1934), and Bettenay (1962). Jutson (1934) summarized all preceding
literature.
Northern Territory
In view of the comparatively low economic value and correspondingly sparse
population of the Northern Territory, it is not surprising that only a little
has been written that is pertinent. There are several accounts containing very
general remarks (e.g. that in the Official Year Book of the Commonwealth of
Australia (1911), and those of Dunstan (1921), Madigan (1936), Voisey
(1943), Whitley (1945), Lang (1946), Bracewell (1961), Jones and Quinlan
(1962), and Kalix (1962)), but there appear to be only two papers containing
any quantitative chemical data for Northern Territory lentic waters: those of
the Northern Territory Administration Animal Industry Branch (1956) and
Williams and Siebert (1963). The former tabulates the concentration of total
dissolved solids in over 120 ‘public watering places’ located along the stock
routes of the Northern Territory and also contains some general information
upon natural waters of the Territory. Unfortunately, the table does not
indicate the nature of each of the waters mentioned, which appear from the
text to comprise artificial storage dams, natural waterholes, and sub-artesian
bores from which water is reticulated to drinking-troughs for cattle. Most of
the waters, apparently, are simply sub-artesian bores and an adjacent storage
tank. The account of Williams and Siebert (1963) is more useful. They dealt
with the major ionic composition of twenty surface waters scattered throughout
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the southern half of the Northern Territory, including five artificial and eleven
natural, permanent, essentially lentic waters, and they also referred to the
nature of the bottom deposits in a number of south-eastern ephemeral lakes.
The physiography of the area they dealt with is discussed in Perry et al. (1962).
A little unpublished information is also available, mainly on the general
nature of Lake Woods and the position of a number of permanent waterholes
in the south of the Territory (A. E. Newsome), the form of some permanent
freshwater lakes near Darwin (B. D. Siebert), certain chemical features of
various freshwaters of natural and artificial origin near Darwin (D. Tulloch),
and, finally, conductivity data for Lake Woods and several other mostly
permanent freshwaters between Lake Woods and the Western Australian
border.
South Australia
Comparatively speaking, a great deal has been written upon the chemistry of
lentic waters in South Australia. A number of factors explain this, including
the great commercial value of the State’s salt and gypsum deposits associated
with lakes, the need for relatively large amounts of potable water for stock
and domestic purposes in the south-east, and the presence in the central-eastern
area of several immense salt lakes which by virtue of their size have attracted
attention.
As early as 1911 the Crown Lands Department (Official Year Book of the
Commonwealth of Australia (1911)) had compiled—presumably subjectively—
a list showing amongst other things the general chemical nature of nearly all
the major lakes in the State, seventy-eight lakes in South Australia sensu stricto
being classified as either ‘salt’, ‘brackish’, or ‘fresh’.
The earliest quantitative chemical information appears to be that of G.
Francis, who gave a partial analysis of water obtained from the Blue Lake in
1879. It was quoted by Ward (1917) in a paper which also gave complete
analyses for Lakes Leake and Edward and the average value of forty-five
determinations of total dissolved solids in the Blue Lake. Also in 1917, a short
paper by Cooke discussed the iodine and bromine content of a sample of
water from Lake Gairdner.
An extremely important paper by Jack was published in 1921, in which he
dealt in detail with the salt (i.e. NaCl) and gypsum resources of South
Australia, and included several more or less complete analyses of the surface
waters of various salt lakes as well as a discussion of the origin of their
salts. Longbottom’s (1950) paper dealing in part with the same subject
contains no chemical information.
Until relatively recently, Jack’s (1921) paper was followed by a number of
much less informative ones. Fitzpatrick and Strong (1925) gave the results
of analysis of two samples of brine from Lake Eyre. Robertson (1929) wrote
on the pH of various lakes and channels at the mouth of the River Murray.
Madigan (1930) also gave analyses of brine from Lake Eyre, but the samples
were obtained from beneath the upper level of the surface crust of salt; later
(1936) he noted briefly the nature of some waterholes and mound-springs
in the north of the State, and gave a rough analysis of the salt crust of Lake
Eyre. The presence of two salt-pans on Reevesby Island in Spencer Gulf was
noted by Dewhurst (1938). Anderson (1940) provided a complete analysis
for a brine seepage in a salt lake on the York Peninsula. And Ward (1941)
gave a more or less complete analysis for the Blue Lake, Mount Gambier.
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Of somewhat greater interest than these is another paper by Jack (1923) —
partly summarized later by Ward (1951) and reprinted in the Report of the
Fourth Interstate Conference on Artesian Water (1925)—in which he dealt
in detail with the chemical composition of the south-western portion of the
Great Artesian Basin. It is of interest because in the area discussed (north-east
South Australia) numerous mound-springs arise as natural outlets of the Great
Artesian Basin, and the majority of these have evolved into limnocrenes.
Numerous bores, many with adjacent surface storages, also occur in the same
area. Apart from Jack’s (1923) paper and an earlier one (1915) containing
a few analyses for underground water in the north of the State, information
upon the chemical composition of underground water in South Australia is
contained in several publications, e.g. Reports of the Interstate Conference on
Artesian Water (1913, 1914, 1921, 1925, 1928), Gregory (1906), and, for
mound-springs on the bed of Lake Frome only, in a paper by Peake-Jones
(1952).
For long periods Lake Eyre remains completely dry, and it is filled only
when abnormally heavy rains fall over its catchment area, which extends into
the southern half of the Northern Territory and into central Queensland. This
intermittency explains the conflicting reports by early explorers (see Price,
1955) upon the nature of the lake. However, in 1949-50 the lake filled almost
completely, and a number of water samples were collected during the period
before the lake dried again. The analytical results were reported by Fenner
(1952) and Bonython (1955b, 1956). The similar intermittent occurrence of
water in a few of the lakes south of Lake Eyre, near Woomera, was com
mented on by Southall (1962), who included some general comments upon
the salinity of the lakes.
Hutton (1958) has indicated that he has studied the changes in the salinity
of a small seasonal salt lagoon in south-east South Australia. The detailed
results of this study have not yet been published, but the preliminary report
contains some interesting general comments on the maximum salinity of the
lagoon and the nature of its salt loss.
More or less complete major ionic analyses for eight major reservoirs in
South Australia were given by Livingstone (1963) on information supplied
by the South Australian Engineering and Water Supply Department, which
has also supplied me with some further unpublished data of a similar sort.
Finally, Bayly and Williams (1964) discussed in detail the chemical com
position of four freshwater lakes in the south-east of the State, and later
(1966) that of nine salt lakes in the same area but nearer the coast.
Fenner (1930, 1931) gives two introductory references to physiographical
information upon South Australian lakes. Mawson (1950), Bonython and
Mason (1953), and Bonython (1955a), discuss the physical events associated
with the filling of Lake Eyre in 1949-50, and a bibliography of original litera
ture on the Lake Eyre basin was given by Gregory (1906, appendix III).
Queensland
Quantitative chemical data for natural lentic waters are somewhat meagre.
The only published data appear to be those in a comprehensive paper by
Bayly (1964) dealing with some freshwater coastal lakes of southern Queens
land; in a paper by Dunstan (1921) which contains an analysis of brine from
Lake Buchanan; in a short report by Douglas (1965) providing five more
or less complete major ionic analyses for Lakes Eacham and Barrine on the
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Atherton Tablelands in north-eastern Queensland; and, for mound-springs, in
various accounts relating to the Great Australian Artesian Basin, e.g. Ogilvie
(1954) and the Report on the First Interstate Conference on Artesian Water
(1913). This last reference, however, also contains a few more or less complete
analyses of water from some natural localities apparently not supplied by
underground water, i.e. ‘waterholes’ and ‘lagoons’. Even information of but
general interest is meagre: the Official Year Book of the Commonwealth of
Australia (1911) listed twenty Queensland lakes as ‘salt’ or ‘fresh’; Harrap
(1916) referred briefly to the general chemical nature of a few of the larger
or better known lakes; Whitehouse (1944), Carter, Brooks and Walker (1961),
and Twidale (1964) commented in a general fashion upon various natural
waters in the north-west (lateral lakes, claypans, and waterholes); and various
accounts exist which contain maps showing the geographical distribution of
mound-springs in Queensland, e.g. Ward (1951). Clearly, on this basis, any
account of the chemical characteristics of natural lentic waters in Queensland
would necessarily be of the briefest and most incomplete nature.
Rather more information is available for artificial lentic waters. More or
less complete analyses for numerous Queensland artesian and sub-artesian
bores, many apparently discharging into small artificial surface storages, are
given in the Report on the First Interstate Conference on Artesian Water
(1913). Cassidy (1944) dealt with the chemical composition of a number of
artificial storages in the sugarcane-growing area of coastal eastern Queensland.
A few chemical characteristics (pH, dissolved 0 2, Cl, ferric Fe) were given
by Stephenson (1953) for Somerset Dam, the data being based upon samples
taken over the course of a year and at different depths. Simmonds (1962a), in
a comprehensive and mimeographed account, gave more or less complete
major ionic analyses for apparently all reticulated water supplies in Queens
land, and, whilst not all desirable information about the nature of each supply
is given, the account nevertheless gives sufficient information to distinguish
supplies which emanate from surface storages such as excavated earth tanks
or stream impoundments. It is important to note, however, that the analyses
pertain to water actually supplied to the consumer, that is to say, usually after
treatment. In a few cases no treatment is required; in most some treatment is
necessary. The nature of the treatments was detailed later (Simmonds, 1963a)
in a paper which broadly surveyed public water supplies in Queensland. This
paper, too, contains several analyses of waters from excavated earth tanks,
impounded surface streams, and underground sources. Additional analyses of
water supplied to the public were given by Simmonds (1962b) in a paper
dealing with pollution of Queensland groundwaters (underground supplies
only), and in a paper (1963b) dealing with the occurrence of COo in
Queensland waters (impounded surface and underground supplies).
Unpublished information consists of a series of analyses of samples obtained
at intervals of approximately three months from May 1961 to April 1964 at
Tinaroo Falls Dam, and complete major ionic analyses for twenty-eight natural
and three artificial lentic surface waters distributed throughout the eastern
half of the State (Bayly and Williams, MS.). It is upon this last source that
most reliance has been placed in dealing with natural waters in the regional
account.
The single locality in Queensland for which Livingstone (1963) provided
an analysis is ‘Narau Beak’. Apart from noting that this is a coastal locality
on Cape York Peninsula, Livingstone gave no further information as to its
nature, and it is not considered in the regional section.
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New South Wales
Almost none of the available quantitative chemical information for lentic
waters of direct surface origin has hitherto been published. A very complete
synopsis of the chemical characteristics of the larger reservoirs supplying
Sydney has been given me by Mr E. L. Beer, of the Metropolitan Water,
Sewerage and Drainage Board, Sydney. Data upon certain chemical features
of Lakes George and Bathurst, near Canberra, obtained by Mr R. H. Walker,
have been made available by the courtesy of Dr A. H. Weatherley. All
pertinent data collected by the Snowy Mountains Authority in the area
(Kosciusko region) in which they have constructed and are constructing
reservoirs have been placed at my disposal by the Authority. Mr J. Lake has
given some information concerning the chemical nature of a few lentic waters
associated with the Murray-Darling river system. And finally, I have been able
recently to collect and analyse water samples from several of the natural
highland lakes adjacent to the Kosciusko plateau. The only relevant published
information is that of Bayly (1964), who gave analyses for two fresh coastal
waters in the north-east.
In contrast to the scarcity of published quantitative information upon lentic
waters of direct surface origin, much has been published upon the chemical
nature of underground waters. Such information is of some interest here, for,
as in South Australia and Queensland, there are numerous mound-springs in
New South Wales, and many of the widespread bores discharge into surface
storages. References containing analytical data for underground water supplies
include: Reports of the First, Second and Fifth Interstate Conferences on
Artesian Water (1913, 1914, 1928), Kenny (1934), and Griffin (1963a,
1963b).
Amongst accounts alluding in a general way to various lentic waters in
New South Wales may be mentioned those of Abbay (1876), Anon. (1908),
the Official Year Book of the Commonwealth of Australia (1911), Collins
(1923), Kenny (1934), and O’Farrell (1949).
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3
The General Biological Classification
of Aquatic Environments with Special
Reference to those of Australia
I. A. E. Bayly
INTRODUCTION
Limnology is usually taken to mean the study of inland waters. In this
chapter, however, discussion is extended beyond the usual scope of this
field of study to include waters which, although basically marine in nature,
have a mean salinity, or a degree of salinity variation, that does not
correspond with that typical of oceanic water. The possibility of elucidating
the nature and biological status of inland waters by a consideration of
their relationship to these other waters seems to justify such an extension.
The following account discusses, in the most general terms, major
biological subdivisions of the aquatic environment in relation to chemical
and other factors. The classification is illustrated by reference to crustacean
examples only, and is largely based on a study of calanoid copepods
belonging to the family Centropagidae Sars. It could be argued that a
classification so based would not cater properly for those inland waters,
such as swiftly-flowing streams and rivers, physically uninhabitable by
centropagids which are essentially planktonic in habit, and that it would
be valid only for the restricted group of organisms for which it was
created. However, swift-flowing waters can be equated on chemical or
other grounds with standing or slowly moving waters which are inhabited
by the group, and numerous examples supporting this classification can
be found amongst other animal groups. The classification is believed to
be widely applicable.
Although no great objective validity can be attached to any supraspecific taxonomic category, the range of Australian aquatic environments
spanned by the Centropagidae is exceptionally great for a single family
(Table 3:1). If, as I believe, marine and inland saline waters lie at opposite
ends of the biological range of aquatic environments, then the Centro
pagidae appear to span the whole range. There is evidence that inland
water centropagids were derived from marine ancestors and that continuous
morphological "reduction accompanied the successive occupancy of the
ecological series marine-brackish-fresh-inland saline (Bayly, 1964c) (Table
3:2). Profound physiological changes in osmotic and ionic regulation must
also have occurred along this ecological series.
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Ecological and zoogeographical status of centropagid genera

Aquatic environment

Northern
hemisphere

Southern
hemisphere

Centropages

Oceanic and inshore marine
Inshore marine and brackish

Cosmopolitan

Isias clavipes
(36—60°N.)

Isias uncipes*
(27 °S.)

Isias tropica
(20 °N.)
Brackish and fresh

Limnocalanus
Sinocalanus

Gladioferens*

Fresh

Osphranlicum

Boeckella*f
Hemiboeckella
Pseudoboeckella
Parabroteas

Fresh and inland saline

Calamoecia*

* Australasian species and genera.
t One species of Boeckella, B. orientalis Sars, occurs in the northern hemisphere
(Mongolia) and several species occur in South America.

Robertson (1960) mentioned that nothing seemed to be known about
osmotic and ionic regulation in marine copepods; although the work of
Battaglia and Bryan (1964) and Lance (1965) has now appeared, it is
still true that little is known concerning this aspect of copepod physiology.
It seems reasonable to suppose that those copepods occurring in inland
waters more saline than the sea possess some means of maintaining the
osmotic pressure of their body fluids below that of the ambient medium,
and that possibly such hyposmotic control also occurs in marine copepods.
Freshwater copepods presumably regulate hyperosmotically and, although
there are some indications that Acartia tonsa Dana is unable to regulate
(Lance, 1965) it still seems possible that similar regulation occurs in some
brackish water copepods. It is therefore possible that an investigation of
Australian centropagids would show their physiological evolution to be
an example of reversibility, hyperosmotic regulation first replacing, and
their being replaced by, hyposmotic regulation. At all events such an
investigation should help to decide whether there is any physiological basis
for the general ecological classification that is discussed below.
The following material is arranged in conformity with Table 3:3, which
summarizes the concepts and classification discussed in this chapter.
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TABLE 3 :2 Segmentation, seta and spine formulae for swimming legs of Australasian centropagid genera and
(modified from Bayly (1964c))
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TABLE 3 :3 Outline of general biological classification of aquatic environment:
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THE CONCEPT OF POIKILOSALINE WATER
The term poikilohaline was used by Dahl (1956) to refer to water of
variable salinity irrespective of mean absolute values. Associated with the
term is the concept of the ecological importance of salinity change as
distinct from absolute salinity value. Dahl restricted his discussion of this
concept to diluted or concentrated bodies of seawater found in coastal
regions. This seems an unnecessary restriction of the concept, since many
inland saline waters, especially small highly saline lakes in arid regions,
undergo great fluctuations of salinity which must be of no less significance
ecologically than those occurring in the waters discussed by Dahl. Thus
the data of Williams (1964a: table 4) suggest that seasonal variation in
the salinity of Victorian inland lakes increases as the mean salinity
increases. More extensive data (Williams, unpublished) provide ample
confirmation and show the value of single salinity determinations for
freshwater lakes and the necessity for multiple determinations at different
times for inland saline lakes. Some large bodies of inland saline water
may have a relatively constant salinity; in Australia, however, few examples
of this kind come to mind. Lake Corangamite, Victoria, is one of the
largest ‘permanent’ inland saline lakes in Australia, but even in it salinity
varies considerably (Anderson, 1945; Williams, 1964a). Admittedly the
rate of this variation in Lake Corangamite is considerably less than in a
small temporary salina, but it is both absolutely and relatively greater than
is normally found in Dahl’s (1956) two homoiohaline environments, the
sea and freshwater.
Dahl’s concept is thus extended here to include most inland saline
waters. However, the term poikilohaline does not appear very appropriate
to inland saline waters in which the dominant anion is sulphate or
carbonate and in which relatively little halide is present. Accordingly the
term ‘poikilosaline’ is used here.
Hedgpeth (1959: 115, 117) apparently considers that the word ‘saline’
should not be used to refer to concentrated inland waters unless the
dominant anion is chloride. However, salinity is usually defined as the
total concentration of the ionic constituents without specification of the
order of anionic dominance (see, e.g., Hutchinson, 1957). There appears,
therefore, no serious objection to the use of ‘saline’ to describe waters
whose total ionic concentration is above the threshold of taste, although
different salts would, of course, have somewhat different gustatory thres
holds. If specification of the dominant anion of saline waters were required
then combinations such as ‘chloride-saline’ and ‘sulphate-saline’ could
surely be used.

MARINE POIKILOSALINE WATERS
These include brackish and marine hypersaline waters. The vast majority
of the major ions in such bodies of water have been supplied from the
sea through an aqueous connection that is either permanent, as in a
typical estuarine system, or intermittent, as in certain coastal lakes.
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Consequently the relative proportions of the various major ions are closely
similar to those found in seawater.
Relictual marine waters which have had a continuous existence in the
aqueous phase since their connection with the sea are also included here.
These would be referred to either the brackish or hypersaline subdivisions
of marine poikilosaline waters according to whether dilution or evapora
tion has been the dominant influence since their formation. Only their
large size and comparatively long persistence justify separating them from
small coastal lakes whose initial connection with the sea is permanently
lost but which have not yet completely evaporated. The Caspian Sea
(salinity about 12°/0o) is evidently an exceptional marine relictual lake.
It fulfils the requirement of continuous existence since connection with
the sea and its fauna has basically marine affinities (Zenkevich, 1957).
On the other hand, most of the salts now contained in the Caspian Sea
appear not to have been derived from the sea via previous connections
(Hutchinson, 1957: 570). This presumably means that terrestrially derived
ions have gradually replaced the originally dominant oceanic ions, but in
such a way that modem ionic proportions are distinctly but not greatly
different from those of the sea—except for sulphate, which comprises 29
per cent of total anion equivalents in the Caspian Sea as against only
9 per cent in seawater.
If the connection with the sea last existed before the Pleistocene and a
period of complete dryness has supervened, then subsequent restoration by
influx of freshwater is deemed to exclude the body of water from con
sideration here. It is, of course, possible for such an influx of freshwater
to restore a saline body of water in which most of the ions were originally
supplied from the sea. However, it then seems best to regard the majority
of ions as having been derived from rocks (marine-laid salt) by solution
and to consider the water as being biologically an inland one. Where
there has been a connection with the sea during Pleistocene or Recent
times, retention of marine characteristics sometimes seems possible, even if
a period of dryness has occurred and restoration comes about by freshwater
influx. The Salton Sea of southern California evidently provides an example
of this (Hedgpeth, 1959). In most cases, however, the drying of a body of
water with an original connection with the sea that is permanently lost
means the irrevocable loss of dominating marine faunal characteristics. A
series of saline lakes between Beachport and Robe in South Australia
provides a good example. These lakes are associated with the eustatic
stranding of sea-beaches and were last connected with the sea when
marine flooding occurred in Recent times—probably about 10,000 years
ago (Sprigg, 1952). Except for Lake George (S.A.), which is connected
with the sea, they have all almost certainly been completely dried at
one time or another, and although their ionic proportions closely resemble
those of the sea, the biological affinities are predominantly with inland
waters (Bayly and Williams, 1966).
The majority of ions in certain inland waters may also be derived
from the sea, but not through an aqueous connection. The importance in

84

AUSTRALIAN INLAND WATERS AND THEIR FAUNA

inland waters of atmospheric supply of ions from the sea is stressed by
Gorham (1961). In Australia this applies both to very dilute waters such
as occur in certain coastal sand dune lakes (Bayly, 1964a) and highly
saline inland waters such as Lake Corangamite (Anderson, 1945) and the
salt lakes near Linga in Victoria (Cane, 1962); see also ch. 2.

BRACKISH WATERS
At a symposium in Venice in 1959 it was resolved that the use of the
term ‘brackish’ should be avoided and ‘mixohaline’ used instead to refer
to diluted seawater. Macan (1961, 1963) followed this recommendation,
but the term has clearly not received general acceptance. The subject index
of Biological Abstracts covering the period 1960-3, inclusive, records fifty
entries under ‘brackish’ but not one under ‘mixohaline’. ‘Brackish’ has had
a long multilingual usage and in a general if not specific way is widely
understood. It is unrealistic to suppose that its use, even in scientific
literature, will suddenly disappear, and doubtful whether this would be
wholly desirable. It is possible to salvage its usual sense and to give it an
unambiguous meaning if Redeke’s definition (D’Ancona, 1959) is adopted:
‘Brackish waters are those which result from the mixing of fresh waters
with marine waters’. This excludes inland saline waters and also marine
hypersaline waters which have been produced by the concentration of
seawater. With this definition in mind, it is suggested that the use of
‘brackish’ with reference to inland waters should be avoided. I agree with
Hedgpeth (1959) that it is undesirable to extend a classification based on
seawater to inland waters. Löffler (1961: 354, 361) pointed out that the
subdivisions of the Venice System have little meaning for inland waters
since the boundaries between the various regions are hardly discernible in
a number-of-species-salinity diagram.
Mixing of fresh and marine water, and concentration of sea water,
can scarcely occur in regions remote from the sea. In a continental land
mass such as Australia, brackish and marine hypersaline waters are
inevitably coastal in position and comprise the major portion of coastal
waters as defined below.
A considerable amount of hydrological work has been carried out on
Australian estuarine systems. Many raw data exist amongst CSIRO
Oceanographic Station Lists, and sizeable papers dealing with them have
appeared (Rochford, 1951; Spencer, 1956). However, this work provides
no basis for either a hydrological or biological subdivision of brackish
waters, because one of Rochford’s four estuarine zones, the ‘gradient
zone’, contains the whole brackish water range—that is Rochford’s studies
stress the hydrological unity of brackish waters associated with estuarine
systems rather than their diversity. It is unfortunate that this hydrological
work was not accompanied by a larger amount of biological investigation.
Reference to biological aspects of Australian estuarine systems (Roch
ford, 1951, 1959) is essentially restricted to three sedentary forms, the
oyster Crassostrea commercialis (Iredale and Roughley), Zostera, and
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mangroves. The correlations between the distribution of planktonic species
and hydrological zones shown by Morris’s data given by Rochford (1951:
appendix V III) merely illustrate that the marine, brackish, and freshwaters of an estuarine system each tend to be dominated by different
species.* No correlations between planktonic species and hydrological
subdivisions of the brackish range are demonstrated. In some Australian
estuaries temperature seems of greater importance in determining the distri
bution of species than Rochford (1959) indicates: thus in the Brisbane
River estuary Gladioferens pectinatus (Brady) occurs throughout a much
greater salinity range in winter than in summer, the occurrence of Isias
uncipes Bayly is restricted to the period July-September, and two species
of Pseudodiaptomus are restricted to the summer months (Bayly, 1965).
The biological importance of salinity-temperature interaction has been
stressed by several workers (Segersträle, 1959: 28-9).
Hydrological and various biological aspects of Lake Macquarie, an
open coastal lake in New South Wales, have been studied in some detail
(CSIRO Aust., 1959: Kott, 1955). However, except for a lowering of the
salinity of the surface water during flood conditions, the water in this
lake is very similar to seawater, and salinity variations are small compared
with those in a typical Australian river estuary. These studies are therefore
not of great importance in a discussion of brackish water classification.
The Redeke-Valikangas system of classification of brackish waters (see
Segersträle, 1959), which was designed for north European waters, involves
the subdivision of brackish waters into three zones (oligohaline, mesohaline, and polyhaline) on the basis of salinity. With slight modification
this classification was incorporated into the Venice System. The biological
validity of these subdivisions has not been demonstrated for Australian
conditions. Furthermore I am not at all convinced that planktonic, nectonic, and benthic organisms all react similarly to salinity variation within
brackish waters irrespective of their geographic location. Similar mis
givings have been expressed by Steemann Nielsen (Segersträle, 1959: 16),
whilst D’Ancona (1959: 104) also considers that sedentary or fixed species
should be considered separately from the more mobile species (plank
ton, fish, and cephalopods). The observation of Alexander, Southgate,
and Bassindale (1932) that non-burrowing estuarine animals are probably
*1 was puzzled by the indication in this appendix that Pseudodiaptomus is
completely restricted to the gradient end of the freshwater zone where it is of
regular occurrence. In the Brisbane River estuary, populations of Pseudodiaptomus
and Gladioferens frequently overlap but the bulk of the Pseudodiaptomus popula
tion is invariably on the marine side of that of Gladioferens. In this case all the
indications are that Pseudodiaptomus is a euryhaline marine component of the
brackish water plankton. The data showing that Oithona is of regular occurrence
in freshwater also appeared to be anomalous. Perusal of Morris’s original
unpublished work (1950) shows that there has been an erroneous transposition
of the data on the freshwater station (Station 15). All data given for copepods,
from Gladioferens to Oncoea inclusive, should apply to the copepod next up the
list. Thus the frequency and total for Pseudodiaptomus should both be zero. This
genus did occur in small numbers at the marine end of the Hawkesbury River
estuarine system.
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subjected to greater salinity variations than are burrowing species is also
relevant to this view.
den Hartog (1960) has criticized the Venice System on the ground that
it is based solely on salinity, and since the salinity range of a species may
vary with temperature, the system is not universally applicable. Thus,
whilst the Redeke-Valikangas system is useful in north-western parts of
Europe, it may not be appropriate when tropical waters are under con
sideration. den Hartog considered that climatic and biological characters
should have been incorporated into the classification.
Though little of the biology of Australian estuaries has been investi
gated, there has been sufficient investigation to show that some planktonic
and nectonic species are extremely euryhaline and occur throughout the
whole salinity spectrum of brackish waters. For these the RedekeValikangas classification is valueless. Bayly (1963) recorded a salinity
range of 0-4-30°/Oo for Gladiojerens pectinatus in the Brisbane River
estuary and a total dissolved solids range of 0-4-25-5°/Oo for G.
symmetricus in brackish water. Subsequent investigation has shown that
the salinity range for G. pectinatus in the Brisbane River extends down to
0 •2 6 °/oo- The lowest salinity recorded for this species is 0 •2 2 °/0o in the
Camden Haven River, northern New South Wales. In eastern Australia
from Maryborough (lat. 25°S.) to Hobart (lat. 43°S.), G. pectinatus is
the dominant copepod in river estuaries and coastal lakes that are either
permanently or intermittently open. Its abundance in Lake Illawarra
(N.S.W.) was pointed out by Dakin and Colefax (1940). Dali (1958)
reported a total salinity range of 0-22-30°/Oo for the various stages of the
penaeid prawn Metapenaeus mastersii (Haswell) in the Brisbane River
estuarine system, and stated that the salinity tolerance range of all stages
was from almost fresh to seawater. M. mastersii also occurs in shallow
coastal lakes of New South Wales, including Lake Illawarra and Tuggerah
Lakes. These two lakes have intermittent connection with the sea through
shallow and narrow openings and are frequently completely closed for
periods that may be as long as two years. The population in Tuggerah
Lakes is of great interest in that it passes its whole life-cycle there, and has
been investigated by Dakin (1946a, 1946b) and Morris and Bennett
(1952). Unfortunately, these workers give no quantitative salinity data,
although Dakin states that during a period of closure rain and land drainage
cause considerable variation in salinity. It seems probable that variation
through most of the brackish range would occur during a long period
of closure and it is quite possible that even hypersaline conditions could
be reached. Dali (1964) investigated the osmotic and ionic regulation of
M. mastersii, which above a salinity of about 2 3 °/0o shows hypotonic
regulation and in full seawater is markedly hypotonic (A e 1 9 1 , Ai
1-42); below 2 3 °/0o hypertonic regulation is found and at a salinity of
9°/oo is quite marked (Ae 0-49, Ai L 0 3 ). A wide range of salinity
tolerance has also been reported for M. dalli Racek (formerly M. mastersii)
in Peel Inlet, Western Australia (Dali, 1956; CSIRO Aust., 1957).
Hodge’s (1963) data show that the mysids Rhopalophthalmus brisbanensis
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Hodge and Gastrosaccus dakini Tattersall in the Brisbane River estuary
have a total salinity range of 3-35°/0o and < 2 -3 1 °/0o, respectively. I
have recently collected G. dakini from water with a salinity of 1 •4 ° /0o
in the same estuary. G. dakini also occurs in Lake Illawarra together with
R. dakini Tattersall.
The crabs Heloecius cordiformis H. M. Edwards and Sesarma erythrodactyla Hess have a salinity range of 6 — > 3 0 °/Oo (A 0-38 — > 1 -85)
in the Hawkesbury River near Sydney; under experimental conditions the
former will survive for at least forty hours in a salinity of less than l ° / o o
(Edmonds, 1935). These two species also occur abundantly in the Brisbane
River, where they extend from the mouth to a point eighteen miles
upstream (Snelling, 1959). In osmotic regulation H. cordiformis is
hyposmotic in 100 per cent seawater but is very markedly hyperosmotic
throughout most of the brackish range (Edmonds, 1935). Beadle (1943,
1959) has pointed out that H. cordiformis is the most homoiosmotic
brackish animal yet investigated.
The shrimp Palaemonetes australis Dakin is another very euryhaline
species that occurs in various coastal waters of southern Western
Australia including the Swan River estuary, brackish lakes, and even
completely freshwater lakes and swamps (Serventy, 1938). Serventy
showed that F. australis tolerates a gradual chlorinity change from 17-55
to 0-38°/oo (equivalent to salinity change of 32 to < 2 ° /0o) under
experimental conditions.
The above examples and discussion will suffice to show that in
Australia there are a number of numerically important species that occur
throughout the whole salinity range of brackish waters and for which
the Redeke-Valikangas subdivisions are inapplicable. For those animals
which tolerate only a portion of the total salinity range of brackish waters
it seems best simply to state their observed salinity range rather than
assign them a name denoting a region—the view taken by Beadle during
the General Discussion at the Venice Symposium in 1959.
The division of those organisms that occur in brackish water into
different groups which occupy different salinity ranges, or show different
types of reaction to salinity variation, seems a more sensible approach
than the division of brackish waters into different salinity zones within
each of which a large group of organisms is supposed to be mainly
confined. Day (1951:80-1) adopts the former approach and divides the
fauna of South African estuaries into five different components. Some of
his components may not be applicable to brackish water in the strict sense
(upper salinity limit c. 3 0 °/Oo)—for example by definition a ‘stenohaline
marine component’ could not occur in brackish water. On the other hand
Day’s migratory component seems a perfectly valid one to which forms
such as M. mastersii could, under normal circumstances, be referred. For
brackish water plankton it might be appropriate to recognize a euryhaline
marine element containing species whose populations extend well beyond
brackish into euhaline (marine) water (e.g. Pseudodiaptomus spp., Acartia
spp., Oithona spp. and possibly Isias uncipes), and an estuarine element
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with species whose populations do not extend very far, if at all, into
euhaline waters (e.g. G. pectinatas, G. symmetricus, and Sulcanus confiictus). Similar categories might be appropriate for benthic and intertidal
organisms, the sessile and mobile species of which should be considered
separately. A biologically meaningful classification of brackish water would
be admissible only in the unlikely event that planktonic, nectonic, benthic,
and intertidal marine euryhaline species were all shown to have penetrated
into brackish water to approximately the same extent.
To summarize, it is considered that in Australia, brackish water
organisms are more readily classified into major components than is
brackish water into biological zones on the basis of salinity. No biological
subdivision of brackish water appears possible on the basis of existing
knowledge, as the final resolution of the Venice Symposium apparently
recognized: ‘the Australian estuaries—with their extreme climatically
conditioned oscillations— render any strict system [of classification]
inapplicable . . .’
Although estuaries are characterized by large variation of environmental
factors such as salinity, they are probably more stable from the viewpoint
of continuity of physical existence than most inland waters— especially
those in arid regions.

MARINE HYPERSALINE WATERS
These bodies of water are frequently, though not necessarily, cut off from
the sea during their hypersaline phase, and are usually in the form of a
coastal lake, or what in most countries can simply and meaningfully be
referred to as a lagoon. In Australia, however, the term ‘lagoon’ has lost
its usual significance and is frequently applied to lakes irrespective of their
distance from the sea. Except perhaps those that are extremely hypersaline,
the separation of these waters from brackish ones is biologically unnatural.
It was pointed out long ago, as Hedgpeth (1957:712) mentioned, that
most organisms which tolerate diluted seawater can also exist in concen
trated seawater. In fact, some species which tolerate the whole salinity
range of brackish water also extend well into the hypersaline range. Thus,
G. pectinatus and G. symmetricus have both been collected from a lagoon
close to Lake Victoria, Victoria, which contained 7 7 ° /0o of total dissolved
salts (Bayly, 1963). This lagoon was very shallow and is apparently inter
mittently connected with the sea through Lake Victoria. Clearly, it is not
the salinity tolerance of these two species per se that prevents them from
becoming established to any large extent in true marine water; they are a
good example of the biological validity of Dahl’s concept of poikilohaline
waters.
It is probable that several of the coastal lakes in New South Wales
contain hypersaline water during periods when they are cut off from the sea.
However, the greatest expanses of marine hypersaline water in Australia
almost certainly occur in Western Australia. Shark Bay in Western
Australia provides a good example of the fact that markedly hypersaline
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conditions can exist in a body of water that is in free communication with
the sea. Taylor (1918:14) pointed out that the eccentricity of Australia’s
arid ‘centre’ is such that its western margin reaches the ocean at Shark
Bay. The virtual absence of rainfall combined with very high rates of
evaporation results in salinities as high as 6 7 ° /0o being recorded at the
head of this inlet (R. J. Slack-Smith, personal communication). Exmouth
Gulf, also in Western Australia, is comparable with Shark Bay (Dali,
1956). Several penaeid prawns including Penaeus latisulcatus Kishinouye,
P. rnerguiensis de Man and P. esculentus Has well occur in these high
salinity waters (Dali, 1956; Slack-Smith, 1964).
Little work has been done in Australia on osmotic regulation of
crustaceans in marine hypersaline waters. The crab H. cordiformis will live
for some time at least in double-strength seawater ( A 4 -14). In hyper
saline water the body fluids of this species are markedly hypotonic for a
time but after several weeks have elapsed they become almost isotonic
with the external medium (Edmonds, 1935).

WHAT IS ‘FRESHWATER’
Waters with a total salt content below the threshold of detection by human
taste are commonly described as fresh. This threshold is, however, subject
to individual variation, so that the upper limit of the freshwater salinity
range is a subjective quantity. Richter and MacLean (1939) found that
the average concentration at which humans first definitely recognized the
taste of sodium chloride was 0-87°/oo> but the total range was 0-202-50°/oo and salt thresholds reported before their work varied from
0-5-3-4°/oo- It is not surprising, therefore, that different limnologists have
put the dividing line between fresh and saline inland waters at quite
different levels. Rawson (1951) speaks of waters containing more than
0 - 6 -0 -9 °/ oo of total dissolved solids as being saline to taste. If the lower
figure of his range were adopted the proportion of natural standing water
on the Australian mainland that could be called fresh would be compara
tively small. Williams (1964a) placed the dividing line between fresh and
saline waters at 3 - 0 ° /Oo of total dissolved salts and even then only 50 per
cent of more than fifty natural lakes he examined in Victoria were fresh.
At all events, from the viewpoint of the biology of aquatic environments
there can be nothing at all fundamental about a subdivision based on the
taste of a terrestrial animal. The problem should be approached from the
viewpoint of the osmoregulation of forms occurring in dilute inland waters.
For the purposes of a biological classification it seems best to make the
upper limit of the salinity range of ‘freshwater’ correspond with the mean
upper limit of salinity tolerance of animals of common occurrence in dilute
inland waters (those whose salt content is less than that detectable by
human taste). This limit appears to lie somewhere within the salinity range
1- 10°/oo Löffler (1961, pp. 354 and 361) states that the overwhelming
proportion of freshwater organisms tolerate salinities up to l°/oo and that
beyond this a definite decline in the number of entomostracan species is

90

AUSTRALIAN INLAND WATERS AND THEIR FAUNA

observed. He regards l°/o o as the most appropriate upper limit for freshwaters. Beadle (1943) showed that the upper limit of salinity tolerance
in freshwater animals under experimental conditions is closely related to
the initial blood concentration. This was the basis of his later (1959)
statement that ‘most freshwater animals are unable to maintain a blood
hypotonic to the external water, and with few exceptions they are restricted
to salinities below lOO/oo’- The most dilute body fluids found in the
animals Beadle (1943) investigated, those of Anodonta cygnea (L .), had
an initial salinity of about 3 ° /0o and their upper limit of salinity tolerance
was about 6 ° / 0o- Although nothing is known of their osmotic regulation,
the typical upper limit of the natural salinity tolerance range observed for
species of Boeckella appears to be in reasonable agreement with the
5-10°/oo range based on Beadle’s osmotic regulation work. Thus, Bayly
(1964b) reports a total dissolved solids range of 0 - l- 4 - 3 ° /Oo for the
widely distributed species B. triarticulata (Thomson). However, since
completing this paper I have obtained a single but authentic record of this
species from a salinity considerably greater than 4 - 3 ° /0o- On this
occasion B. triarticulata was collected in abundance from a shallow lake
near Lake Corangamite, Victoria, with a salinity of 22°/ 0 0 * It is in an
endorheic region dominated by highly saline lakes, several of which contain
a calanoid copepod which is restricted to inland saline waters. This record
should be regarded as an example of the fact that many species which
normally occur in freshwaters may occasionally be found in inland saline
waters whose salinity does not exceed about 2 0 ° /Oo (Beadle, 1943).
Ringuelet (1958) found that B. birabeni Brehm occurs abundantly in
waters containing up to 9 - 6 ° /0o of total dissolved solids. At all events it
is clear that Boeckella, and many other ‘freshwater’ animals, can tolerate
salinities distinctly above the threshold of human taste. This means that
from the standpoint of the biological classification of aquatic environments
the term ‘freshwater’ should either be retained, bearing in mind that it is a
misnomer from the viewpoint of human gustatory physiology, or be
abandoned and replaced by a new term. The latter is probably
impracticable.
In the final resolution of the Venice Symposium on the Classification of
Brackish Waters, freshwater was defined as having a salinity of less than
0 -5 °/o o In my opinion it should have been stressed that this upper limit
had biological validity only in the dilute waters abutting on brackish
(mixohaline) waters in open systems. It is not legitimate to extrapolate
from this situation to freshwaters in general. As the above discussion
indicates, such an upper limit is too low by a factor of from 2 to 20.
Beadle (1959), pointed out during the Venice Symposium that freshwater
animals would penetrate further into brackish waters if they were
unhampered by factors other than salinity. It is, perhaps, lack of experience
of endorheic systems that accounts for the tendency of some workers
to set too low the upper limit of the salinity range of freshwaters. Price and
*This lake contained an appreciable amount of (bi)-carbonate (see Bayly and
Williams, 1966).
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Gunter (1964) maintain that even when an estuarine situation is under
consideration, no satisfactory biological indicator of the boundary between
fresh and brackish water is known. In passing it seems appropriate to
comment on the use in the Venice Symposium resolution, and by Macan
(1963), of the term ‘limnetic’ to refer collectively to all freshwater environ
ments. This term has long been used in quite a different sense: to refer to
the open water region of a lake that is relatively free of benthonic
influences.
So far only the upper limit of the salinity range of freshwaters has been
discussed. At the other end of the scale freshwater animals are capable
of existing in salinities of less than 0 -0 2 ° /Oo- A few small lakes in the
United States of America have between 0-015 and 0 -0 2 0 °/Oo of total
dissolved solids (Clarke, 1924b). Several of the Nova Scotian lakes inves
tigated by Gorham (1957) also had a salinity of less than 0 -0 2 ° /OoHutchinson (1957:552) considers that a basin filled solely with rainwater
would exhibit many of the chemical and biological properties of the more
dilute lakes. Beadle (1943) lists several species that under experimental
conditions have survived in distilled water for several days, thus showing
remarkable powers of salt retention. In Australia the quantity of very dilute
inland water is comparatively small, especially on the mainland. Most lakes
and reservoirs in Tasmania at altitudes exceeding 400 m have a salinity
considerably less than 0 -1 ° /Oo (Williams, 1964b). The salinity of the
Great Lake, for example, is about 0 -0 2 ° /Oo (Williams, 1964b, 1965)
whilst that of Lake Dobson is approximately 0 -0 3 ° /Oo (Weatherley and
Nicholls, 1955). The majority of these dilute Tasmanian waters contain
species of Boeckella (Bayly, 1964b). On the mainland it is probable that
small natural bodies of water occurring at high altitudes in the region of
the Australian Alps have low salinities. This is certainly true of large
artificial bodies of water fed by drainage from this general region. Thus,
Lake Eucumbene (altitude 1,100 m) has a mean salinity of about
0-03°/oo (Tuma, unpublished) and the Hume and Eildon Reservoirs
have less than 0 -0 5 ° /Oo of total dissolved solids (Williams, unpublished).
Also one of the few larger bodies of natural water in this region, Lake
Tarli Karng, near Mt Wellington, contained only 0 -0 3 3 °/Oo of total
dissolved solids in February 1964 (Williams, 1964c). This is the lowest
value Williams has so far obtained for a natural lake in Victoria.
Calamoecla ampulla (Searle) occurs in Lake Tarli Karng. Lakes resting
on organic accumulations in well-leached siliceous sand of coastal dunes
have a low salinity (Bayly, 1964a), the average for a series investigated
in Queensland and New South Wales being 0 -0 3 9 °/Oo (Table 3 :4). These
almost invariably contain C. tasmanica (Smith). The rainwater pools
associated with granite outcrops near York in Western Australia, and
inhabited by B. opaqua Fairbridge, have a low salinity (Fairbridge, 1945).
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THE SPECIAL FEATURES OF
COASTAL FRESHWATERS
In the above discussion on brackish waters several examples have been
given of euryhaline species that extend into completely fresh water. This is
one of several reasons for considering freshwaters very near to the sea
separately from those more remote from the sea. It is also noticeable that
some species characteristically present in freshwater lakes and ponds
throughout the more inland regions are absent from freshwaters adjoining
the gradient zone of an estuary. Bayly (1963) pointed out that although
Calamoecia exhibits a great range of salinity tolerance within inland waters,
it contains no estuarine species. Beadle (1959) pointed out that freshwater
species would penetrate much farther into coastal brackish water if they
were not hampered by some factor other than salinity. A further significant
fact is that although most species of Gladioferens are extremely euryhaline,
one, G. spinosus Henry, is apparently restricted to freshwaters but only
those lying within a narrow coastal strip (Bayly, 1963). It is clear that
some factor other than intolerance of low salinities prevents this species
from spreading farther inland. A New Zealand mysid provides a somewhat
similar example. Tenagomysis, like the vast majority of mysids, typically
inhabits marine or brackish water. However, T. chiltoni Tattersall lives
and breeds in several completely fresh coastal lakes in the North Island,
some of which are closed (Hodge, 1964). There are no records of its
occurrence more than 6 km from the sea, yet, like G. spinosus, its absence
from more inland regions can scarcely be attributed to its inability to
tolerate low salinities. Perhaps poor powers of dispersal or difficulty in the
establishment of a population from a few accidentally dispersed eggs
because of competition from animals already present may explain this
absence. This was the explanation advanced by Elton (1927) for the
failure of the copepod Eurytemora to spread from coastal to other fresh
waters but it was criticized by Lowndes (1929).
Two different biological characteristics are thus exhibited by freshwaters
immediately adjacent to the gradient zone of an estuarine or other open
system. Firstly, they are suitable for habitation by a portion of a euryhaline
population (e.g. G. pectinatus, Sulcanus conflictus) and by exclusively
freshwater species closely related to euryhaline ones (e.g. G. spinosus).
Secondly, they are unsuitable for habitation by a number of species which
occur in other types of freshwater, and those typically freshwater species
that do occur there tend to be restricted to a narrower range of salinities
than they tolerate elsewhere.
(Closed bodies of freshwater that lie close to the sea are apparently
intermediate in some respects between the open ones discussed above and
those that are not so close to the sea. Some contain G. spinosus whilst
others provide a suitable habitat for C. tasmanica. The latter is essentially
coastal in distribution (Bayly, 1964a) but belongs to a genus that also
occurs in both fresh and saline inland water. G. (G.) spinosus might be
regarded as the end product of the tendency for Gladioferens to invade
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freshwaters and is probably of comparatively recent origin or at least of
more recent origin than G. (Protogladioferens) symmetricus. On the other
hand it is possible that C. tasmanica represents a close approach to the
ancestral form that served as the starting point for the spread of Calamoecia
into inland waters, that it came into existence distinctly before inland saline
species of Calamoecia, and has persisted for some considerable time. This
suggestion is justified on the morphological grounds that C. tasmanica
appears to be one of the least reduced species in the genus. As a corollary,
the possibility that the ancestral calamoecid inhabited coastal waters of
extremely low salinity is suggested. The salinity of the coastal sand-dune
lakes inhabited by C. tasmanica is certainly very low (Bayly, 1964a) and
it is true that some of the freshest of freshwaters on the Australian main
land are in very close proximity to the sea (Bayly, 1963). Areas in which
the mean annual rainfall is in excess of the potential evapo-transpiration
loss comprise only a small portion of Australia’s total area, and all are
restricted to coastal regions— mainly on the east coast (Nimmo, 1949:
fig. 5).

COASTAL DISTRIBUTIONS AND COASTAL WATERS
‘Coastal’ appears to be a biologically valid prefix which can be used to refer
collectively to euryhaline brackish forms and coastal freshwater forms that
have been derived from euryhaline ancestors. It can also be used to refer
collectively to all bodies of water, irrespective of their salinity, that lie near
the coastline. In this group of aquatic environments some factor other than
salinity or even fluctuation of salinity is evidently capable of restricting
the distribution of a natural group of animals to the immediate vicinity of
the coast. In this sense coastal waters include all poikilohaline environments
discussed by Dahl (1956) as well as a small series of homoiohaline fresh
water environments. Possibly the restriction of forms such as G. spinosus to
coastal freshwaters merely reflects the comparatively recent origin from
a euryhaline ancestor of a species whose powers of dispersal are not great.
It seems at least as likely, however, that some ecological factor other than
the salinity that is dependent upon close proximity to the sea is responsible
for determining distributions of this sort. The frequent dominance of
sodium and chloride ions in coastal freshwaters is cited as an example that
such factors do exist, although it is not suggested that this is the factor
responsible. It might be expected that the equivalent ionic ratios (calcium )/
(sodium) and (bicarbonate)/(chloride) would be lower on the average
in coastal regions than in those that are more inland, and some data exist
to support this. The data of Cassidy (1944: table 5) show that for ten of
the fifteen coastal waters examined in Queensland the value of the second
of these ratios was less than unity, whereas the data of Williams and Siebert
(1963: table 3) indicate that for fifteen of the twenty-one central Aus
tralian waters examined the value was greater than or equal to unity. More
convincing than this comparison is the evidence of Hutton and Leslie
(1958). They showed that with increasing distance from the coast there
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is a sharp decrease in the influence of the ocean on the nature of the ions
present in rainwater. In regions more than about 240 km (150 miles) from
the sea the ionic ratio of sodium to potassium falls below ten, that of
sodium to chloride exceeds unity, and calcium becomes the dominant
cation.

INLAND SALINE WATERS
The aridity of Australia has already been referred to (chs. 1 and 2), the
combination of low rainfall and high evaporation ensuring that regions in
which the average annual rainfall is greater than the corresponding loss of
water from evaporation (from ground and open water surfaces) and tran
spiration (from vegetation), comprise only a very small portion of Aus
tralia’s total area (Nimmo, 1949: fig. 5). Consequently, inland saline
waters are numerous though many have only a discontinuous and ephe
meral existence. The number of species which have exploited these waters
is possibly greater than elsewhere. The cosmopolitanism of the fauna
of saline inland waters is often stressed (e.g. Macan, 1963:241), but in
Australia they contain some quite distinctive faunal elements. Thus, Aus
tralia is apparently the only continent on which centropagid copepods
inhabit highly saline inland waters (Table 3 :1 ). C. salina (Nicholls) and
C. clitellata Bayly both tolerate salinities in excess of 100 °/Oo (Bayly and
Williams, unpublished). Rawson and Moore (1944) record calanoid
copepods from inland waters as saline as this outside Australia, but these
are Diaptomus.
Perhaps the most outstanding and surprising biological characteristic of
inland saline waters is that they contain species which are usually much
more closely related phylogenetically to freshwater species than marine
ones. Beadle (1943, 1959) stresses this and it is evidently quite true of
such waters in Australia. C. salina and C. clitellata are excellent examples:
they are very closely related to freshwater species of Calamoecia but have
undergone a slightly greater degree of morphological reduction (Table
3:2) (Bayly, 1964c).
Hedgpeth (1959) includes hypersaline lagoons in his classification of
‘inland mineral waters’. However, if these were recently connected with the
sea, and have a continuous existence since the time of connection, their
fauna is usually more closely related to that of brackish estuarine water
than that of true inland saline lakes. This is acknowledged by Hedgpeth
(1959: 116), who also stated earlier (1957: 711) that ‘Only in exceptional
cases are inland-brine or salt-pond organisms found’. In my opinion this
provides an excellent basis for including these lagoons with marine poikilosaline waters rather than with inland waters. In Australia, hypersaline
lagoons of the type referred to by Hedgpeth (1957, 1959) contain Gladioferens rather than Calamoecia.
From the chemical viewpoint, inland waters are those in which the
majority of ions have not been derived from the sea through a geologically
recent connection, unless the connection was permanently lost and drying
occurred. Beadle (1959: 147) and others speak of inland saline waters
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as being those whose salts are not derived from the sea but from various
geological sources. This, however, should be qualified so that saline waters
whose salts have for the most part been atmospherically supplied from the
sea are not excluded. Anderson (1945) produced convincing evidence that
in Australia atmospheric supply of oceanic salts to inland waters, especially
salt lakes, is of major importance. That this is so was, in fact, postulated
much earlier (Jack, 1921). In this respect Australia evidently differs
markedly from many regions in Europe and North America. The import
ance of atmospheric transfer of oceanic salts was demonstrated for
Sambhar Lake in India early this century but Clarke (1924a: 152)
believed that this was exceptional. Anderson’s work is of considerable
limnological importance but most workers in the northern hemisphere
overlooked it for some time. Some years later Gorham (1961) stressed
the importance of atmospheric supply and brought Anderson’s work before
a wider audience. See also ch. 2.
Hedgpeth (1957: 711) stated that the composition of (marine) hyper
saline lagoons is similar to that of seawater, except for the greater total
concentration of salts, in contrast to inland brines or alkali waters which
are much higher in carbonates and have a different ratio of calcium to
magnesium. The relative proportions of the major ions present in inland
saline waters frequently differ appreciably from those found in the sea, but
not always. Thus a series of lakes between Beachport and Robe in South
Australia contains a fauna which is predominantly inland in its affinities
(Bayly and Williams, 1966), but the relative proportions of major ions
closely resemble those of the sea (Table 3:4). The origin of these lakes
has been briefly discussed already. They are located in the inter-dune
TABLE 3 :4 Some chemical and biological features of two series of inland
waters compared with those of seawater
BeachportRobe Lakes,
South
Australia*

QueenslandNew South Wales
coastal sanddune lakesf

77-1
1 -6
17-7
3 -5
90-3
9-3
0-4
0-85
35 -0

76-5
1 -9
18-9
2-7
87 -0
12-5
0-6
0-88
104-3

78
2
16
4
82
16
2
0-95
0-04

C en tropages

C alam oecia
salina
C. clitellata

Seawater
Relative ionic proportions^
Na
K
Mg
Ca
Cl
SO 4
hco3
Na/Cl
Salinity—°/00
Characteristic
Centropagid
Species or genus

spp.

C. tasm anica

* Mean data for 8 lakes sampled 25 March 1964 (Bayly and Williams, 1966).
t Mean data for 19 lakes, from Bayly 1964a.
t Equivalent percentage o f total cations or anions.
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corridor between the Woakwine and Robe dunes, which was subject to a
marine flooding during a period of high sea level, after the formation of the
Robe dune (Sprigg, 1952: 55 and 66, fig. 15). This took place in Recent
times— probably about 10,000 years ago (Sprigg, 1952: 103). It seems
possible that, after this inundation, a sizeable body of water was cut off
from the sea and evaporated to dryness in the inter-dune corridor. Jack
(1921: 72-3) considered that there has been appreciable accession of
‘cyclic’ (atmospherically supplied) salt from the ocean. If this is so, it has
not resulted in any important alteration in the relative ionic proportions
found in seawater. Today the region receives an annual rainfall of 64-9 cm,
most of which falls in winter (Sprigg, 1952: fig. 2). The excess of evapora
tion over rainfall is 36 cm, and it is only the accession of local groundwater
into the lakes that allows them an aqueous phase (Jack, 1921: 72) that
is by no means continuous in all cases— several of the basins are subject
to summer drying.
Bond (1935) proposed the term ‘thalassohaline’ to refer to waters with
a salinity of more than 7 ° / 0o in which the relative proportions of major
ions are approximately the same as those of seawater. This term is useful
in a purely chemical sense but is of doubtful biological validity. All marine
poikilosaline environments are thalassohaline, but the converse is not
necessarily so. In addition to the Beachport-Robe examples, inland saline
waters in which most of the ions are atmospherically supplied from the sea
are essentially thalassohaline. This is so for Australian salt lakes (Anderson,
1945). Anderson points out that the salts accumulated in endorheic and
arheic regions often bear a striking resemblance to oceanic salts. As a result
some observers have suggested that they originated from an earlier marine
invasion, but usually geological and other evidence is against such an
origin. Furthermore, transference of the use of the term thalassohaline from
a chemical to a biological sense ignores the importance of salinity fluctu
ation and impermanence of the environment.
Macan (1963: 242) states that one of the striking features of athalassohaline inland saline lakes is that the affinities of their fauna are with fresh
water rather than the sea. This is also true of inland saline lakes that are
thalassohaline. Löffler (1961: 367) points out that it would be senseless
to apply the Venice System of Classification to (inland) athalassohaline
waters. It seems equally senseless to apply it to inland thalassohaline
waters.
The relative biological significance of ionic proportions and total ionic
concentration in inland saline waters has not yet been properly elucidated.
Beadle (1943, 1959) stresses the importance of total particle concentration
or salinity rather than ionic proportions, that is he considers that osmotic
pressure of the water is all-important irrespective of how it is generated.
Hedgpeth’s (1959) classification, on the other hand, is partially based on
anionic proportions, in that waters in which carbonate or sulphate are
dominant are separated from those in which chloride is dominant. Total
particle concentration seems the most important consideration but relative
ionic proportions should also be noted. Consequently, a three by three
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salinity-anion table is shown within Table 3:3. The three salinity groupings
are those given by Beadle (1943). Some reduction of the nine combina
tions shown is a distinct possibility when further work has been carried
out. There is some evidence that, at a given value of salinity, Artemia
tolerates waters strongly dominated by sodium and chloride but not those
in which carbonate is dominant (Beadle, 1959: 151; Hedgpeth, 1959).
This may be due to the toxicity of the carbonate and bicarbonate ions
themselves, or possibly pH, since Croghan (1958) reported that a pure
molar solution of sodium carbonate is rapidly toxic to Artemia. On the
other hand saline waters of the carbonate type are often rich in potassium
which, as Boone and Baas Becking (1931) and Croghan (1958) have
shown experimentally, is not tolerated in any large quantity by Artemia.
Löffler (1961: 360) mentions preliminary investigations as having shown
that Diaptomus spinosus cannot withstand high chloride values but tolerates
high carbonate (-bicarbonate) concentrations.*
Hedgpeth’s (1959) essay seems to imply that, except for lagoons con
nected with the sea permanently or intermittently, inland saline waters in
which chloride is the dominant anion are mainly of artificial origin (he
briefly mentions (loc. cit. p. 131) only two natural lakes of this type).
This is definitely implied in his classification as reported by Macan (1963).
In Australia, however, the majority of natural inland saline waters are
chloride-dominated (Anderson, 1945; Bonython, 1956; Cane, 1962).
Inland saline waters such as those in the Rift Valley, Central Africa
(Beadle, 1932) and the Lahontan Basin, Nevada, U.S.A. (Clarke, 1924a:
159-62), in which carbonate is the dominant anion, do not appear to have
been recorded from Australia. Some saline lakes in Victoria contain
appreciable amounts of sodium carbonate, probably supplied by the
weathering of volcanic rocks, but not to the extent of carbonate replacing
chloride as the dominant anion. Even freshwaters in which bicarbonate is
the dominant anion (and calcium is the dominant cation) appear to be of
much less common occurrence in Australia than elsewhere. In fact, in many
regions the occurrence of standing waters conforming with Rodhe’s (1949)
‘standard composition’ is more the exception than the Rile. Thus the data of
Williams (1964a: fig. 5) showed that chloride waters were the most
prevalent type over the whole of the wide salinity spectrum of the Victorian
lakes he examined. Sulphate-dominated inland saline lakes such as Little
Manitou Lake in Canada (Rawson and Moore, 1944) must also be
relatively unimportant in Australia. Hedley (1923) describes the water of
*Very recent (October 1966) investigation has revealed the existence of several
highly alkaline and distinctly saline lakes in Victoria. These are associated with
Red Rock, a complex volcanic structure close to the south-eastern shores of Lake
Corangamite. In these lakes the pH exceeded 9-0 and in some (bi)-carbonate
closely approached chloride in chemical equivalence. In some the salinity exceeded
2 0 °/oo- R is of interest that all these lakes contained Boeckella triarticulata not
Calamoecia clitellata or C. salina. It thus appears that B. triarticulata will penetrate
into quite saline water providing that an adequate amount of (bi)-carbonate is
present. There are no records of this species from waters with a salinity greater
than 10°/oo and which are strongly dominated by chloride.
H
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Bullenmerri Lake, Victoria, as ‘bitter’, but neither it nor Mitre Lake are
sulphate waters (Williams, unpublished)— a possibility suggested by
Hedgpeth (1959: 132). The gastropod Coxiella striata (Reeve) ( = C.
filosa (Swby), nomen nudum), which has been recorded from these lakes,
is of common occurrence in Victorian salt lakes that are chloride-dominated
(Bayly and Williams, 1966; MacPherson, 1957).
Beadle (1959) stated
A biological classification of inland saline waters must be based on the
study of the penetration of freshwater species into waters of increasing
salinity. One of the difficulties is that there are very few known regions
where there is a large number of waters covering a wide range of
salinity.
Beadle undoubtedly refers to known regions which are relatively restricted
in area. I believe that a unique opportunity exists in Victoria and the
south-eastern part of South Australia for the study of this penetration and
of the evolution of osmotic and ionic regulation for inland saline waters.
Here we have, in a region that is the Australasian centre of speciation of
Boeckella and Calamoecia, numerous lakes covering a wide range of
salinities but with a preponderance of inland saline ones (Williams,
1964a). The difficulties of working on the physiology of these micro
crustaceans would be very considerable but not insuperable. In any case,
larger forms than these are available. Scope for this work will almost
certainly diminish with time— already detailed plans exist for the draining
of Lake Corangamite (see ch. 10).

‘INLAND’ WATERS AND THEIR BIOLOGICAL
UNITY
Lake Ainsworth (one of the dune series in Table 3:4) in northern New
South Wales is literally a stone’s throw from the sea, yet its salinity is well
below that of the world average for freshwater, and must be very much
less than that for the average of freshwater on the Australian mainland.
None of the Beachport-Robe lakes (Table 3:4) is more than 2-3 km from
the sea but their mean salinity greatly exceeds that of the sea. They are
geographically close to the sea but biologically as remote from it as is
possible within an aquatic environment. It was the close proximity of one
of these lakes to the sea that resulted in the incongruous inclusion of C.
salina with marine littoral copepods when originally described.
In spite of the great salinity difference, Lake Ainsworth and the Beach
port-Robe lakes are all biologically ‘inland’ waters, but geographically they
are extremely coastal. Thus, as pointed out by Bayly (1963: 194), diffi
culties and confusion arise from the use of the words ‘coastal’ and ‘inland’
as applied to aquatic environments. There is apparently no satisfactory
single English term which refers collectively to aquatic environments other
than marine and marine poikilosaline ones, irrespective of their salinity.
The term ‘inland’ is usually used (and has been above) with this purpose
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in mind, but since ‘remoteness from the sea’ is probably its strongest
connotation, it tends to exclude non-marine aquatic environments that are
in close proximity to the coast. A completely neutral term for the position
of these non-marine aquatic environments relative to that of the coast is
required to overcome the difficulty. During the discussion of Hedgpeth’s
(1959) paper, Dahl suggested that a simple term was needed to cover all
inland waters not in communication with the sea. However, the introduction
of such a term can be justified only if these environments are shown to
possess a real biological unity.
The chemical diversity of inland waters is great. They are infinitely
varied in their ionic proportions, and their concentration ranges from close
to distilled water to crystallizing brines. Nonetheless, there are indications
of a biological unity which evidently depends on non-chemical factors.
There are a few species and some natural supraspecific groupings of
animals in which a great range of salinity tolerance may be found without
their occurrence in marine or marine poikilosaline environments. Artemia
salina L. tolerates a salinity range of about 3-300°/Oo, and if its order
(the Anostraca) is considered, the range is extended well below 3 ° /0oThere are, however, no marine anostracans. Likewise within the genus
Calamoecia salinity tolerance ranges from less than 0 -0 5 ° /Oo (e.g., C.
tasmanica) to more than 100°/Oo (C. salina and C. clitellata) (Table
3 :4 ), but there are no marine or marine poikilosaline species; so, too,
for the Notostraca. This biological unity of inland waters is probably
dependent mainly on the wide variations that occur in their physical
conditions or on their relative impermanence. This factor evidently trans
cends in importance the existence of great chemical diversity. This theme
was developed long ago by von Martens (1858), who pointed out that the
freshwater environment, being subject to periodic desiccation and freezing,
is much more severe than that of the sea. This applies even more to inland
saline waters, especially the smaller bodies, in arid regions in which,
associated with considerable fluctuations in physical conditions, is the great
variation in salinity discussed above.
It is often suggested (see, e.g., editorial comment in Beadle, 1943: 180)
that the reason Artemia salina is absent from the sea is its vulnerability to
potential predators, which is considered to be especially great since it must
swim in order to feed. There may be some truth in this suggestion but a
more fundamental reason could be advanced— particularly since animals
that appear equally vulnerable to predation manage to survive quite well
in the sea. Stated briefly, the reason is that well-marked adaptations to
impermanence and fluctuation are likely to be inadaptive in the most stable
of all environments. This type of reason has previously been advanced to
account for the absence from the true marine environment of animals that
are much more closely related to marine forms than is Artemia. Thus Dahl
(1956) stated.
The essential difference between a polyhaline brackish water species and
a euryhaline marine species is that the brackish water species seems
unable to establish itself successfully in a stable marine environment . . .
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even if salinity tolerance per se would not prevent it from doing so . . .
It appears as if figuratively speaking they had to pay for their great
tolerance to various environmental variations by a reduced power of
competition in stable habitats where more stenotope animals are able
to thrive.
The fact that Artemia will live and breed in an aquarium containing sea
water is no real evidence for the long-term survival of a population in the
sea, even if no significant predation were to occur.
Caiman (1909: 50), referring to the Branchiopoda generally, stated
The occurrence, throughout the group, of sexually produced, thickshelled ‘resting’-eggs, which can survive desiccation, in addition to the
thin-shelled eggs produced by parthenogenesis, probably indicates the
very ancient adaptation of the Branchiopoda to a freshwater habitat.
It is thus true that even completely freshwater branchiopods exhibit
marked adaptations to impermanence. Furthermore, it can be assumed that
Artemia, like other inland saline forms, has evolved from a purely fresh
water ancestor. The substantial adaptations to environmental instability
already present in this ancestor have become intensified.
There is evidence that some branchiopod adaptations to environmental
instability are such that, unless some environmental extreme is experi
enced, completion of an individual life cycle or the proper maintenance of
populations is not possible. The possession of such an adaptation would be
lethally inadaptive in a very stable environment. In this respect it will be
instructive to consider in some detail factors influencing the hatching of
branchiopod eggs.
There are many conflicting reports concerning the relative importance
of desiccation, freezing, and temperature as stimuli for the hatching of the
eggs of inland water branchiopods. Some workers, mainly earlier ones,
have reported that both freezing and drying of eggs are necessary for their
development, others have found that only one or the other is necessary, and
still others believe that neither is essential. Mattox and Velardo (1950),
working on the conchostracan, Caenestheriella gynecia Mattox, found that
neither freezing nor drying was necessary for the development or hatching
of the eggs, but that temperature has a definite influence on these processes.
Hall (1953) showed that desiccation of the eggs of the anostracan
Chirocephalus diaphanus Prevost was not a necessary prerequisite for their
development. The effect of water depth on the development and hatching of
the eggs of this species was subsequently investigated experimentally (Hall,
1959). It was found that the time required for these processes increased
with increasing depth of water until at a depth of 20 cm there is an almost
complete cessation of development. This, of course, would provide an
explanation of the absence of C. diaphanus from the deeper, more stable
bodies of inland water. Hall (1961) suggested that the lowering of water
level coincident with the drying out of a natural temporary habitat initiates
development just before the water completely disappears, but does not
normally result in hatching. This development immediately prior to com-
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plete disappearance is considered important in permitting the rapid
re-establishment of a population with the next onset of favourable condi
tions. Moore (1963) considered that water depth per se was relatively
unimportant in the cessation or retardation of the egg development of the
anostracan Streptocephalus seali Ryder, but thought that factors associated
with water depth might well be involved. In particular he suggested that
the dissolved oxygen content of the water could be the controlling influence
in hatching.
Much of the work on the factors involved in the hatching of branchiopod
eggs appears to be inconclusive. One thing, however, seems clear; environ
mental instability of one form or another is of major importance, and in
some cases essential, in stimulating the development and hatching of
anostracan and conchostracan eggs.
Nothing is known about the factors involved in the development and
hatching of the eggs of C. salina and C. clitellata. However, these eggs are
almost certainly capable of withstanding desiccation, since C. clitellata has
been found living in several very shallow temporary salinas. Until recently,
little or nothing was known about the development and hatching of the
resting eggs of any inland water calanoid copepod, despite the fact that the
existence of such eggs has long been known. Brewer (1964) has demon
strated that the resting eggs of Diaptomus stagnalis Forbes undergo an
obligatory summer diapause during which a period of high temperatures is
necessary for the completion of development. He considers that the specific
stimulus which induces the eggs of this species to hatch is the reduction of
dissolved oxygen content. Brewer suggests that his findings for the eggs of
D. stagnalis may be generally applicable to the resting eggs of many species
of Diaptomus which inhabit temporary ponds.
The new term athalassic (G k.: a, not; thalassa, sea) is proposed to refer
to the following:
(a) Waters associated with land, irrespective of their salinity or position
relative to the coastline, which have never been joined to the sea
during geologically Recent times. The ions contained in these waters
have for the most part been supplied from rocks and soils by
weathering, or from the sea via the atmosphere, or by a combina
tion of both processes.
(b) Situations in which geologically Recent connection with the sea did
exist but was permanently lost, and any originally enclosed sea
water evaporated to dryness before reinstatement as an aquatic
environment. In such a case, the environment would normally be
regarded as biologically athalassic even though a considerable
portion of the ions may be of relict marine origin.
Argument has been presented above to show that despite their chemical
diversity athalassic waters possess a real biological unity.
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SURVEYS OF THE FAUNA

4
The Zoogeography of the Australian
Freshwater Decapod Crustacea
J. A. Bishop
INTRODUCTION
Australia has been isolated from other zoogeographical regions by the
sea since the late Cretaceous (David, 1950; Glaessner, 1962). This is
reflected by the unique isolation of the Australian fauna which, although
related to that of the Oriental zoogeographical region, displays many
strikingly different features. The zoogeography of the vertebrate fauna of
the two regions has been discussed by various authors (e.g. Darlington,
1957), but only a few groups of invertebrates have been the subject of
any zoogeographical analysis. Because of this, I attempt in this essay
to review present knowledge of the zoogeography of Australian fresh
water* decapod crustaceans. Speciation within the group will not be
discussed; such discussion forms a ‘next step’ in the analysis of the fauna.
It is essential to realize that the present distribution of any group of
animals has been determined by several interacting factors. Some of these
can be listed:
(a) the site of origin of the taxonomic unit;
(b) the dispersive powers of members of the unit; if these are good,
animals can move rapidly away from the area of origin; if poor,
movement will be much slower;
(c) the age of the unit; a unit may have a wide distribution though
dispersion is poor, if it has been in existence for a sufficiently long
time;
(d) the nature of the ecological preference of members of the unit;
animals may not exist in some regions because ecological conditions
are unfavourable;
(e) the nature of the barriers to dispersion. These may be geological or
climatic; physical or ecological; it must be remembered that these
have changed during geological time.
Darlington (1957: ch. 9) speculated on the mechanism of some of
these ‘factors’. The possibility of secondary absence due to local extinction
* Editor’s note: The use of the term ‘freshwater’ in this chapter has a wider
application than in certain others (e.g. chs. 1, 2, 3, 10). It is therefore to be taken
to mean inland waters in general, including, of course, those that are very dilute
and would, even in Bayly’s sense (ch. 3 ), be ‘fresh’ and would certainly be likely
to pose problems in physiological adaptation for a marine-derived stock, as Bishop
points out.
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must also not be overlooked. In zoogeographical studies care must be
taken to distinguish the ‘cause’ from the ‘effect’. Failure to do this may
lead to circular arguments.
Many of the details of the patterns of distribution of animals inhabiting
Australian inland waters remain to be worked out. Beaufort (1951)
stressed the zoogeographical significance of the Australian mussels and
crayfish. McMichael and Hiscock (1958) discussed the mussels in detail;
and an attempt is made to consider the crayfish in this essay. Darlington
(1957: 52), referring to the freshwater fishes of Australia, noted that only
two of Myers’s (1938) ‘Primary division’* fishes are native, the Queens
land lungfish (Neoceratodus fostersi (K refft)) and the Burramundi
(Scleropages leichhardti (G unther)). The rest of the fauna consists of
Myers’s ‘Peripheral division’. The rich Oriental fauna of ‘primary and
secondary division’ fishes does not cross Wallace’s line. There is no over
lapping of the Oriental and Australian faunas of freshwater fishes.
The bulk of published information concerning Australian freshwater
decapods is in the form of taxonomic descriptions. Initial investigations
were carried out by European taxonomists who studied material brought
back from Australia during the eighteenth and nineteenth centuries. Their
work is usually inadequate and confusing. More recently Australian
workers have studied the taxonomy of the fauna, the most comprehensive
accounts being those of Clark (1936-1941), and Riek (1951a, 1951b,
1951c, 1953, 1956). Neither author laid great emphasis on geographical
distribution or zoogeography. Recently, Riek (1959) drew attention to
some of the zoogeographical problems posed by the whole Australian
freshwater crustacean fauna. Bishop (1963) commented on the zoogeo
graphy of the family Potamonidae, but was hampered by lack of material
from Cape York, Queensland.
Andrewartha (1961) defined animal ecology as ‘the scientific study of
the distribution and abundance of animals’. He made it clear that he con
siders ‘distribution and abundance of animals are different aspects of the
one problem’, a view also held by Darlington (1957: 547-8). Zoogeo
graphy can be considered to be a branch of ecology with a central evolu
tionary theme and an extended time dimension. It may be subject to the
same controversies and arguments as ecology.

EVOLUTION AND GENERAL ZOOGEOGRAPHY OF
THE AUSTRALIAN FRESHWATER DECAPOD
FAMILIES
The distribution of the Australian freshwater decapod crustacean fauna is
delimited in Table 4:1. Two of the five families are distinctively Australian
in zoogeographical character; the other three are oriental or circumtropical
♦Myers’s divisions are: primary division, fishes strictly confined to freshwater;
secondary division, fishes usually confined to freshwater although a few enter the
sea; peripheral division, freshwater fishes of salt tolerant species and species derived
from salt tolerant groups.
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TABLE 4 :1 Australian freshwater decapod crustaceans
Family

General distribution

Australian Genera
(approximate number o f
species in parentheses)

1. Parastacidae (crayfish)

Australia, New Guinea, Aru Islands,
New Zealand, South America,
Madagascar

Euastacus (5 0 + )
Euastacoides (3)
Parastacoides (1)
Astacopsis (3 + )
Engaeus (15)
Geo charax (4)
Cherax (15+)*
Tenuibranchiurus (1)
Pseudengaeus (2)
Austroastacus (2)

2. Hymenosomatidae

S.E. Australia, Lord Howe Island,
Norfolk Island, N. Island of New
Zealand

One species:
Halicarcinus lacustris
(Chilton)

3. Atyidae (shrimps)

Circumtropical

Atya (1)
Paratya (3 -4+ )
Caridina (7)
Caridinides (2?)
Parisia (2)
Stygiocaris (2)

4. Palaemonidae (shrimps)

Circumtropical

Macrobrachium (8 + )
Palaemonetes (1)

5. Potamonidae (crabs)

Australia, Africa, Asia, Southern
Europe, South America (Fig. 4:6)

Parathelphusa (6-7)

* Ten or more species of Cherax occur in New Guinea. One species, Cherax lorentzi
Roux, also occurs on the Aru Islands.

in their distribution characteristics, and appear to have invaded Australia
from the north. There is a wide transition zone between these two ‘faunas’.
Gradual faunal transition occurs between western New Guinea and Victoria-Tasmania. (The zone lies entirely within the standard Australian
zoogeographical region.) The only Australian element present in New
Guinea is the genus Cherax (Parastacidae). The fauna is dominated by
atyids, palaemonids, and potamonids. The crayfish achieve greatest diver
sity in south-eastern Australia (Table 4:2), the sole oriental faunal element
present being the atyid genus Paratya.
In south-western Australia the Atyidae, the palaemonid genus Macrobrachium, and the Potamonidae are absent (Serventy, 1938; Bishop,
1963). The crayfish fauna of the area is incompletely known. The occur
rence of one species of the palaemonid genus Palaemonetes shows a rela
tionship with the African freshwater fauna. (Palaemonetes occurs in fresh
and brackish waters in Africa, Europe, the Americas, and northern Asia
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TABLE 4 :2 Genera of Australian crayfish
Author

General distribution

...
...
...
...
...

Erichson (1846)
Clark (1936)
Erichson (1846)
Riek (1956)
Riek (1956)
Huxley (1878)
Clark (1936)
Clark (1936)

...
...

Clark (1936)
Clark (1936)

(See Text)
(Fig. 4:2)
(Fig. 4:2)*
S.E. Queensland
S.E. Queensland
Tasmania
Central-southern Victoria
Victoria, Kangaroo Island,
Northern Tasmania
Western Tasmania
Portland and Warragul,
Victoria

Genus
Cherax ..........................
Euastacus
Engaeus ..........................
Euastacoides
..............
Tenuibranchiurus
..............
Astacopsis
Austroastacus ..............
Geocharax
...............
Parastacoides
Pseudengaeus

..............
..............

...

* Engaeus has been recorded from near Dunsborough, Western Australia. Specimens
from this locality are in the W.A. Museum (R. W. George, personal communication).

(Holthuis, 1950).) The freshwater decapod fauna of the south-west is
distinct from that of the rest of the continent. This is probably because of
the region’s remoteness from the sites of entry of the northern forms and
the presence of the near-waterless barriers of the Great Sandy Desert and
Great Victoria Desert.

(a) Physiological adaptation of decapods to freshwater
Decapod crustaceans are primarily marine organisms. In the marine envir
onment maintenance of ion concentration in the tissues and the blood poses
no great problem. Usually internal osmotic pressure is maintained near that
of the external environment. In freshwater decapods a comparatively high
internal ion concentration has to be maintained in an environment low in
salts. These animals have to be physiologically adapted to life in freshwater
so that tissue fluids and blood can be maintained at a sufficient concentra
tion.
There are two main schools of thought concerning the origin of physio
logical adaptation of decapod crustaceans to freshwater. One considers
(e.g., Shaw, 1959, 1961) that the process was achieved by reduction in
the permeability of the body surface to salts and water and by the acquisi
tion of a ‘high affinity ion uptake mechanism’. The other states (e.g., Potts,
1954) that adaptation was brought about by the evolution of a renal salt
absorption system, together with the lowering of blood salt concentration.
The invasion of freshwater by decapod Crustacea is a polyphyletic
phenomenon (Fig. 4 :1 ). It is improbable that physiological adaptation to
freshwater has followed exactly the same path in any two groups.
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(b) Australian freshwater crayfish (Parastacidae)
The condition of the taxonomy of the Parastacidae is confused. This
makes it difficult to comment on the relationship between the various
groups within the family. Disagreement in taxonomic interpretation exists
even at the family level. Clark (1936) created the family Austroastacidae
distinct from the family Parastacidae Huxley (1878). (It is doubtful
whether differences justify more than generic distinction.) Riek (1959:
255) divided the family into the Euastacidae and the Parastacidae sensu
stricto. I take a conservative view and consider that the freshwater crayfish
of the southern hemisphere belong to one family, the Parastacidae.
The Parastacidae have a distribution which includes southern South
America (Parastacus), New Zealand (Paranephrops), Australia (see Table
4 :2 ), New Guinea ( Cherax), the Aru Islands (Cherax), and Madagascar
(Astacoides). This distribution has never been satisfactorily explained.
There is little or no evidence to suggest that contemporary crayfish can
cross oceanic barriers. Cherax probably arrived in New Guinea and the
Aru Islands by way of Pleistocene land bridges. A detailed study of the
family is required before any causal analysis of the distribution is possible.
Several hypotheses can be erected to explain the distribution pattern; how
ever, all of these (as set out below) are tentative.
(1) Riek (1959) (considering his Parastacidae sensu stricto Engaeus
group) argued that the Australian and South American forms arose from a
common ancestral stock (the marine-brackish water family Axiidae). This
explanation is at variance with the information of the fossil record.
Glaessner (1960) commented on the status of the Axiidae:
A study of the fossil representatives of the Axiidae does not support
Gurney’s statement, based on a study of larvae that they are scarcely
separable from the Nephropsidae. [The group which includes the Para
stacidae.] It supports the view that they are direct descendants of the
extinct Glypheocarida [Section Glypheidea]. This important section of
the fossil Decapoda represents an ancestral group of non-nephropsid
‘Reptantia’ and provides the key to relations which could not have been
derived from characters of any living decapods, larval or adult. [See
Fig. 4:1.]
An alternative speculative hypothesis can be put forward. The family,
in Huxley’s sense, may be a polyphyletic one which arose from a nephropsid* ancestor which inhabited southern Mesozoic seas. There is no
evidence at present for, or against, this hypothesis.
(2) The present distribution of the Parastacidae is a relict feature. The
family previously had a much wider distribution, but the evolution of
‘higher’ groups, and ‘competition’ between these and the crayfish restricted
distribution to the areas occupied today. The existing distribution patterns
and the fossil record do not support this hypothesis. In my view, ‘competi
tion’ is a vague process which has been grossly overemphasized in zoo
geography.
* The classification used in this essay is that of Glaessner (1960).
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(3) The nephropsidian radiation, of which the Parastacidae was a pro
duct, occurred in the early Mesozoic (Glaessner, I960).* Palaeomagnetic
and other geological evidence suggests that there has been considerable
movement of the southern hemisphere land masses during the Mesozoic
(Runcorn, 1959). The Parastacidae may have achieved their present distri
bution as a result of ‘continental drift’. Recent palaeomagnetic data have
increased support for this hypothesis, but many do not regard the evidence
as strong enough to warrant its acceptance. Continental drift does not
explain the absence of the Parastacidae from the other elements of
‘Gondwanaland’ (Africa and India).
It is obvious that detailed information concerning generic inter-relation
ships, Mesozoic geomorphology, and decapod evolution is required before
the distribution of the southern hemisphere crayfish can be explained. In
spite of the lack of information relating to the origin and primary radiation
of these crayfish, it is clear that south-east Australia has been the site of
major diversification within the group. In this area many genera and species
occur (Tables 4:1 and 4:2).
When genera found in southern Australia extend northward they are
often confined to highland areas. In northern areas of their range Engaeus
and Euastacus, for example, are confined to cool uplands. This pheno
menon suggests a correlation between cool temperature areas and distribu
tion that may explain two distributional features of Engaeus and Euastacus.
Small ‘island’ populations of these genera are found in high altitude areas
west of Canberra (A.C.T.) and Cairns (Queensland) respectively (Fig.
4:2). These may be ‘relict’ populations left behind in cool, high altitude
areas during the contraction of distribution boundaries at the close of an
earlier glacial period.
Temperature may influence precipitation/evaporation ratios, or it could
regulate dissolved oxygen conditions in the habitat of the crayfish. Alterna
tively the distribution of these crayfish may reflect the existence of swiftly
flowing and therefore well oxygenated water. Physiological data would
certainly make greater sense of the distribution patterns mentioned in the
preceding paragraph.
Cherax spp. are found throughout Australia, except near the south
eastern coast and perhaps in some particularly arid inland areas. The genus
seems able to withstand the great physiological stress imposed by the
stringent conditions existing in the inland water bodies of Australia. Species
of the genus are far ‘hardier’ than species of any other Australian genus of
crayfish. Cherax occurs in New Guinea and on the Aru Islands. The sub
genus Astaconephrops is widespread in southern New Guinea, whereas the
subgenus Cherax is restricted to the Wissel Lakes area of western New
Guinea. Paniai Lake (altitude 1742 m) has been the centre of radiation of
subgenus Cherax. At least six species occur in this water body (Holthuis,
1949).
*Parastacid fossils have been recorded only from the Pleistocene. Stirton et a l,
(1961) recorded fossils, which may be of parastacid origin, from the Miocene of
Central Australia.
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Fig. 4:2

Distribution of Engaeus and Euastacus (Parastacidae)
A. Map of Eastern Australia showing 55°F., 60°F. and 70°F. annual
isotherms and area with P /E ratio greater than 0-5 for 10-12 months of
year (shaded).
B. Approximate distribution of Engaeus. Engaeus also occurs on King
Island and has recently been recorded from Western Australia (Table
4:2).
C. Approximate distribution of Euastacus (shaded areas are those above
600 m).
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(c) The Section Caridea and the Infraorder Brachyura
The Australian freshwater prawns or shrimps belong to the families Atyidae
and Palaemonidae. The atyids are characteristically freshwater Crustacea,
but the palaemonids are frequently found in brackish and marine environ
ments.* Both families belong to Section Caridea, which has a fossil record
extending to the Jurassic (Glaessner, 1960). They have circumtropical
distributions, and are found in freshwaters in most of the major land
masses of the world. The Australian faunas differ from the Asian faunas
only at the specific level.
When the distribution of the families within Australia is considered,
three major points emerge:
(1) The basic similarity of the distribution patterns of the Atyidae, the
palaemonid genus Macrobrachium, and the Potamonidae. This reflects the
unity of the processes of movement which brought them to Australia. In
each case there is a subtraction-transition area between the corresponding
Asian and Australian faunas (data in Holthuis, 1950, and also see Bishop,
1963). The three groups probably arrived in Australia from the north via
a series of ‘island-hopping’ and ‘land-bridge-crossing’ movements. The pro
cesses were more facile in the Atyidae and in Macrobrachium than they
were in the Potamonidae. The first two groups have planktonic dispersive
larval stages in their life histories, but the potamonids have no such
dispersive stages (Dobkin, 1963; Minei, 1963; Koba, 1936; Sollaud,
1923).
(2) The differences in generic distribution in south-east Australia.
Parathelphusa (Potamonidae), Macrobrachium (Palaemonidae), and Cari~
dina (Atyidae) show distribution patterns which are very similar in type
but different in detail. All genera extend their distribution much farther
south on the inland side of the Eastern Highlands than they do on the
coastal side (Table 4:3 and distribution maps, Figs. 4:3-6).
TABLE 4 :3 Southern limits of some genera in south-eastern Australia
Genus

Limit of coastal
distribution

Limit of inland
distribution

Parathelphusa

Near Rockhampton, Q.

Bogan River system, N.S.W.

M acrobrachium

Richmond-Clarence River
systems, N.S.W.

Murray River; northern Victoria

Caridina

Port Macquarie (Manning
River, N.S.W.)

Murrumbidgee River; Wagga
Wagga, Narrandera, N.S.W.

P a ra tya

This genus occurs throughout south-eastern Australia (coastally and inland).
It also occurs throughout Tasmania.

* M a c ro b ra ch iu m n o v a eh o U a n d ia e (de M an), for example, inhabits the marine
and estuarine environment of the east coast of Australia. (Such species are not
included on the map of generic distribution.)

I # Macrobrachium

Fig. 4:3 Distribution of Machrobrachium and Palaemonetes (Palaemonidae) in
Australia, the former based mainly on collections in the Australian
Museum and those made in 1961-4 and subsequently presented to the
Australian Museum, the latter based on Serventy (1938) and D. H. D.
Edward and R. W. George (personal communications)

•
O

Caridina
Coridinides

©
©

Porisio
Stygiocorij

ATYIDS APPARENTLY ABSENT

Fig. 4:4 Distribution of Caridina, Caridinides, Parisia, and Stygiocaris (Atyidae) in
Australia based mainly on collections in the Australian Museum, and those
made in 1961-4 and subsequently presented to the Australian Museum
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These differences could be due to any of the factors (a) to (e) listed
on p. 107.
(3) The atyid genera common in Victoria, New South Wales, and
Queensland are absent from the rest of Australia. There is no obvious
reason for this.
Palciemonetes australis Dakin (Palaemonidae) is the sole Australian
representative of its genus. It occurs, isolated from the rest of the Australian
freshwater fauna, in south-west Australia. The species probably originated
from the euryhaline larvae of an African species, which could have been
carried across the Indian Ocean by ocean currents. Dobkin (1963) dis
cussed relevant aspects of the larval development of Palaemonetes.
Atya striolata McCulloch and McNeill (Atyidae) is poorly known. The
species is the only Atya found in Australia. It occurs in coastal streams
between southern Queensland and the New South Wales-Victorian border.

S Y DN E Y

CANBERR A

MELBOURNE

Fig. 4:5

Distribution of Paratya (Atyidae) in Australia based on collections in the
Australian Museum, those made in 1961-4 and subsequently presented to
the Australian Museum, and additional collections made by W. D. Williams
(Paratya also occurs in Tasmania)
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Approximate distribution of family Potamonidae (excluding Superfamily
Tridactylininae). Based on Alcock, 1910; Bishop, 1963; Bolt, 1955 et seq.;
Barnard, 1950; Fernando, 1960; and Pretzman, 1961, 1962.
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A. striolata may be a relict species. It inhabits swiftly flowing riffle areas of
permanent streams; such habitats are rare in central coastal Queensland
today.
The genus Paratya (Atyidae) is widely distributed in south-east Aus
tralia (Fig. 4:5) and Tasmania. It is also common in Asia though absent
from tropical Australia. The isolated but highly successful populations of
Paratya that occur in Australia may be a zoogeographical relict.
Caridinides occurs at ‘Olive River, Temple Bay, east coast of Cape
York, Queensland’ (Riek, 1953). Williams (personal communication)
recorded species of the genus in the Elizabeth River, thirty miles south of
Darwin, Northern Territory.
Two genera of obligate troglobic atyids occur in Australia. Two species
of Stygiocaris have been recorded from wells and on North West Cape,
Western Australia (Holthuis, 1960; Cawthorn, 1963); and two species of
Parisia have been recorded from a cave near Katherine, Northern Territory
(Williams, 1964). Parisia also occurs on Madagascar (Williams, 1964);
and Stygiocaris is related to Typhlopasta, which is endemic to Madagascar.
These distributions may not have great zoogeographical significance, in
view of the close relationship of Parisia and Caridina. (Caridina is common
in the Indo-Pacific region, it occurs in both Australia and Madagascar
(Holthuis, 1949)).
A. striolata and Paratya australiensis Kemp are facultative troglobes. A.
striolata has been collected in Gloucester Caves, N.S.W. (Bishop, unpub
lished), and P. australiensis has been recorded from Buchan Caves, Vic
toria (Dew, 1963; Williams, 1964). There are no other troglobic decapods
known from Australia.
The Brachyura (the infraorder to which the Potamonidae belong) can
be traced back to the Liassic fossil Eocarcinus praecursor Withers, 1932.
E. praecursor connects the Brachyura with an extinct group of macrurous
decapods, the Pemphicidae (Fig. 4:1) (Glaessner, 1960).
In an earlier paper (Bishop, 1963), I pointed out that the direct
development and the lack of a dispersive larval stage makes the Pota
monidae a favourable subject for zoogeographical studies. In fact, the
distribution pattern of the family (Fig. 4:6) indicates that the ancestral
form, perhaps an estuarine xanthid crab, colonized freshwater in the AsianIndian region. Subsequent stocks moved away from this ‘centre’ towards
Africa, Europe, and Australia. Fluctuations of distribution boundaries
occurred during this process. This is indicated by fossil records of potamonids from parts of Europe that are not inhabited by the Recent species
(Glaessner, 1929). The invasion of freshwater by the potamonid ancestor
postdated the primary' brachyuran radiation and probably occurred in the
late Cretaceous or the early Tertiary. The family, redefined by Bott
(1955), is a homogeneous monophyletic taxon.
The Potamonidae have a fossil history extending to the Miocene
(Glaessner, 1929; Bott, 1955). The family is certainly older than this.
Burkenroad (1963), for instance, states, ‘the date of a fossil fixes only the
minimal age of the taxon represented, leaving open the possibility that it
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differentiated much earlier’. Bishop (1963) pointed out that the potamonids reached Australia via New Guinea and Cape York during the late
Tertiary.
The widespread potamonid Parathelphusa transversa von Martens may
have colonized the Australian interior during the late Pleistocene, when
climatic conditions were less arid than they are today (Bishop, 1963). The
species persists in the Australian inland to the present day because its
burrowing behaviour preadapted it to life in low rainfall areas. P. transversa
shows elaborate burrowing behaviour. The crabs dig a burrow 50-100 cm
deep in the heavy, impermeable clay soils (often of Pleistocene alluvial
origin (Isbell, I9 6 0 )). An elaborate burrow plug is constructed. When the
plug dries it forms an almost airtight seal to the burrow. The crab aestivates
in a moistened chamber at the foot of the burrow. Thus by complex
behavioural process the animal manufactures a favourable microhabitat in
a region where it otherwise could not exist.* {Cherax spp. Engaeus
spp. and other Parastacidae show similar but less complex burrowing
behaviour.)
The Brachyura invaded the freshwater habitat several times, giving rise
to three separate families of freshwater crabs, the Potamonidae, the
Pseudotelphusidae, and the Deckinidae (Bott, 1955). The polyphyletic
nature of the freshwater crabs is emphasized by the existence of other
species which are at present involved in the invasion process. The grapsid
Eriocheir sinensis Milne-Edwards has completed the initial stages of inva
sion, although the animals return to the sea to breed. The hymenosomatid
Halicarcinus lacustris (Chilton) appears to have virtually completed the
process.
Freshwater crabs seem to have been an evolutionary success. They are
widely distributed, and although represented by few genera (compared
with marine crabs), these genera are widespread and contain many species.

SUMMARY
The Decapoda are primarily a marine group of Crustacea. They have
invaded freshwater and brackish water environments many times since the
order originated in the late Carboniferous. Invasion has required physio
logical adaptation for life in an aquatic environment with a low ion con
centration. Adaptation has occurred several times in unrelated groups of
decapods.
Invasion of freshwater may have occurred twice in the Australian zoogeographical region, giving rise to Halicarcinus lacustris, and the Australian
crayfish. The other freshwater decapod groups originated outside Australia.
The groups have moved away from the centre of invasion after success
ful colonization. The crayfish have moved northward within Australia
(towards the oriental zoogeographical region). The dominant phenomenon
has been the movement into Australia of groups which originated outside.
* P. transversa is known to live in dry swamps in areas of inland Australia
receiving less than 25 cm rainfall p.a.
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Thus Macrobrachium, the Atyidae, the Potamonidae came from the north
via Indonesia and New Guinea. Palaemonetes came from Africa, perhaps
as a euryhaline larva carried by ocean currents.
The faunal transition zone between the Oriental and Australian faunas
lies within the standard Australian zoogeographical region.
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5
Australian Freshwater Mollusca and their
Probable Evolutionary Relationships:
A Summary of Present Knowledge
Donald F. McMichael
Any worker concerned with the biotic communities of inland waters is
likely, sooner or later, to encounter some species of freshwater mollusc.*
As a group they are of wide geographical distribution and can tolerate
extreme conditions which would be prohibitive to less adaptable animals.
Consequently, many limnologists have been faced with the problem of
identifying freshwater molluscs and have, no doubt, encountered some
difficulty in so doing. The primary reasons for this are twofold:
(a) many groups are inadequately known from a taxonomic and
distributional viewpoint;
(b) even for those groups which are known, there is no single com
prehensive work where the species are described, keyed, or
illustrated.
At the conclusion of this paper I have listed some basic references
which are essential for the identification of freshwater molluscs in Australia
at present, but with the warning that even with these aids a satisfactory
species determination is often impossible in many groups. In order to assist
with the identification down to the level of genus, an illustrated key is pro
vided, but it should be noted that satisfactory identifications can usually be
made only if completely adult shells, taken alive and in perfect condition,
are available.
The following brief summary of each group is intended to assess its
current taxonomic status and, in order to help limnologists to make com
parative studies with faunas of other regions, I have commented on the
probable affinities of each group and given some indication of its probable
evolutionary origin.

(1) BIVALVES
(a) The true freshwater mussels, superfamily Unionoidea,*j*
family Hyriidae
McMichael and Hiscock (1958) in their monograph on this group for
* The term ‘freshwater’ is here again used in the broad sense employed by Bishop
(ch. 4).
t The standard ending for superfamily names— oidea— is adopted here in preference
to that normally used in molluscan taxonomy— acea.
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Australasia (including New Zealand, New Guinea, and the Solomon
Islands) discussed its probable evolution. The generic and specific taxo
nomy (except as amended by Hiscock, 1960) remains virtually unaltered
and I believe that accurate determination at these levels is possible. Six
genera, Velesunio, Alathyria, Westralunio, Hyridella, Cucumerunio, and
Lortiella, were recognized as occurring in Australia, including a total of
seventeen species. McMichael and Hiscock grouped the Australian fresh
water mussels with certain South American species and referred both to
the family Mutelidae, a group based on the African genus Mutela whose
anatomy and life-history were, at that time, unknown. A major break
through in freshwater mussel classification came from the work of Fryer
(1954, 1961) who described the larval stage of Mutela, which was of a
kind completely different from the well known ‘glochidium’. This larva
was named the ‘haustoria’, and subsequently Parodiz and Bonnetto (1963)
demonstrated its affinities with those of some South American species
(belonging to the genera Mycetopoda, Anodontites, and others) known as
the ‘lasidium’. As a consequence, they rearranged the family classification,
restricting Mutelidae to the African forms and grouping it with the South
American family Mycetopodidae in a new superfamily, Mutelacea ( =
Muteloidea). This left the Australian genera and their South American
relatives (Diplodon, Prisodon, Castalia, and others) in need of an alterna
tive family name, and for this Hyriidae was available. This they ranked,
alongside Unionidae and Margaritiferidae, in the superfamily Unionacea,
all members of which possess the normal ‘glochidium’ larva. The Australian
subfamilies Velesunioninae and Hyridellinae certainly belong here as their
glochidia have been described, but the larval stages of the Cucumerunioninae and Lortiellinae are not yet known. The latter is not unlike
Mycetopoda and Mutela in shell characters and is unknown anatomically,
so that the acquisition of living or preserved material is very desirable.*
The resemblance in anatomy between the Australian Hyridellinae and
Velesunioninae and the South American Hyriinae is confirmed in the simi
larity of their larval stages and is still indicative of an ancient common
ancestry. McMichael and Hiscock postulated an origin from the north,
but with the recent geological evidence in favour of continental drift a
southern origin in Gondwanaland is once again a strong possibility.
Biologically the group is not well known. Hiscock (1950, 1953a,
1953b) has studied certain aspects of physiology and behaviour, and is
pursuing these studies with research students at Monash University. Some
observations of ecology and life history have been made (McMichael and
Hiscock, 1958) but many species need further study. Trematode parasites
have been described from Velesunio ambiguus (Angel, 1961).
* Preserved Lortiella recently studied by Dr I. D. Hiscock appear to be very
similar in gross anatomy to the Velesunioninae (Hiscock, personal communication).
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(Figs. 5:1-5:2)
Key to genera of freshwater bivalves based on adult shells
The genera which may be identified by the use of the key are indicated by capital
letters.
This key is prepared on the assumption that adult shells of typical form are available.
Because of the corrosive effects of freshwater, especially around the beaks of
bivalves, key characters are sometimes destroyed and identification is rendered almost
impossible for those unfamiliar with the groups in question.
Fig. 5:1 Freshwater bivalves
la. Medium to large, length greater than 30 mm ........................................
2
lb. Small, length less than 30 mm ..................................................................
9
3
2a. Shape elongate, considerably longer than high, nacreousinternally .........
2b. Shape sub-circular, length only slightly greater than height, porcellanous
internally ....................................................................................................
8
3a. Beaks and shell surface without sculpture ...............................................
4
3b. Beaks sculptured, shell surface smooth or sculptured .............................
7
4A. Very elongate, length 2 i times height or greater ........................... Lortiella
4b. Less elongate, length twice height or less .................................................
5
5A. Shell substance thick, large, length usually 80 to 150 mm, hinge strong,
cardinal teeth erect and denticulate .................................................. A lathyria
5b. Shell substance thin, small to medium size, length usually 40 to
80 mm, rarely up to 120 mm, teeth variable .........................................
6
6A. Shape oval to rounded, cardinal teeth simple lamellae ................ Velesunio
6B. Shape more or less oblong, cardinal teeth erect, serrated ........... Westralunio
7A. Large, length greater than 100 mm, very elongate, posterior surface
sculptured with radiating nodulose ridges ................................. Cucumerunio
7B. Small to medium size, length less than 90 mm, elongate to oblongovate, beaks sculptured with V-shaped ridges, shell surface smooth or
with broad V-shaped ridges .............................................................. Hyridella
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(b) Other freshwater bivalves, superfamilies Sphaerioidea and
Mytiloidea
There are two families of strictly freshwater bivalves and two more which
are essentially estuarine groups, but which are found at times in virtual
freshwater, referable to the superfamilies Sphaerioidea and Mytiloidea.
The freshwater forms are the families Corbiculidae and Sphaeriidae, while
the estuarine forms are the families Geloinidae and Mytilidae.
The Corbiculidae are small, strong shells, up to one inch in length, which
occur commonly in creeks and rivers, ponds and lakes, and are often
encountered in water supply systems. They are related to the widely distri
buted genus Corbicula (found in all other continents), but the Australian
species and some others from Indonesia, India, and Madagascar are
regarded as a distinct genus Corbiculina. This distinction is based on shell
characters but may be supported by anatomical characters, since one
species from Madagascar ( Corbiculina sikarae Ancey) is viviparous while
the genus Corbicula, apparently, is not. Unfortunately, no recent compre
hensive studies have been made of the family, apart from the listing of the

Fig. 5:2

Freshwater bivalves

8A. Periostracum dark brown to black, blue-violet internally ..................... Batissa
8B. Periostracum yellow-brown to olive, white internally ......................... Geloina
9a. Shape oval to sub-circular, beaks sub-central .................................................
10
9b. Shape elongate, mytiliform, beaks at extreme anterior end ...................
12
10A. Length greater than 12 mm, shell solid, yellowish-brown, with strong
concentric sculpture ................................................................................. Corbiculina
10b. Length less than 10 mm, shell fragile, translucent, with weak sculpture
11
IIA . Beaks anterior or, if nearly central, on anterior side of centre .... Sphaerium
IIB. Beaks posterior or, if nearly central, on posterior side of centre ... Pisidium
12A. Posterior end of shell produced, shape regular, not twisted ............ Modiolus
12B. Posterior end not markedly produced, shape irregularly subquadrangular, slightly twisted ............................................................. Anticorbula
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named forms by Iredale (1943a, 1943b) who admitted seventeen species
altogether. Probably several names have been given to each species, how
ever, and revision is urgently needed. The species have been found in all
parts of Australia except Tasmania and the south-west. They are appar
ently easily dispersed, since they occur in quite small, isolated water bodies.
Almost no biological work has been done on this group in Australia. Some
recent studies have been made by students at the University of New South
Wales on the growth rate of a local population which was tentatively
identified as C. nepeanensis. The results are as yet unpublished. Dr V.
Jolly of the Metropolitan Water, Sewerage and Drainage Board, Sydney, is
interested in their life cycle, and studies are in progress.
The Sphaeriidae are smaller and more fragile than the Corbiculidae,
and the family includes three main genera, Sphaerium, Pisidium, and
Musculium in other regions of the world. Herrington (1962) has revised
the American species and gives a useful bibliography, as well as outlining
the characteristics of the three genera. Iredale (1943a, 1943b) listed
seventeen nominal species from all parts of Australia, which he allotted to
three endemic genera, Sphaerinova, Australpera, and Glacipisum. Iredale’s
genera were based on shell characters only and erected without critical
study of the family. Recently Australian material has been studied in Paris
by Kuiper, who has concluded that several species, all referable to either
Sphaerium or Pisidium occur, in Australia; his results will, it is hoped, be
published shortly. Local studies of living animals and their ecology are
sorely needed. Overseas workers have found that the species are easily
dispersed by insects, birds, and wind storms and they are among the first
molluscs to populate newly created dams. They are important in the food
of aquatic birds and other vertebrates. The relationships of both the
Corbiculidae and Sphaeriidae are with the forms of South-East Asia and
both may have reached Australia from the north comparatively recently,
probably during the Tertiary. An unnamed species of Corbiculina occurs in
late Tertiary rocks in the Northern Territory (McMichael, 1967).
The estuarine family Geloinidae is also a member of the superfamily
Sphaerioidea. Sometimes referred to under the old name Cyrenidae, and
regarded by some workers as indistinguishable from Corbiculidae, the name
is here used for the large bivalves of the genera Batissa, Geloina, and Polymesoda. Only the first two are found in Australia, and then only in the
lower reaches of tropical rivers. Batissa can be recognized by its violetstained interior, while Geloina is always white. The latter was once known
as Cyrena, but that generic name is now regarded as a synonym of
Corbicula s.s. Some workers refer species of Geloina to Polymesoda, but
the latter, based on the American species P. caroliniana Bose, was regarded
as generically separable by Pilsbry (in van der Schalie, 1933). Nothing is
known of the biology of the Geloinidae in Australia, though species of
Geloina are commonly used as food by native peoples of the islands north
of Australia. Because of the close relationship of the Australian species with
those of the rest of the world, and their tropical distribution, they can be
regarded as recent arrivals from the north.
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The other bivalve family, Mytilidae, is principally a marine group, but
some species are found in the lower reaches of rivers, and in the genera
Modiolus and Fluviolanatus some species are found in virtual freshwater,
where they may be temporarily associated with a range of other truly
aquatic organisms. As these mussels may be important in such situations
and as they often form part of the food of waterbirds, they are included
here. Shells of New South Wales mussels have been described and figured
by Laseron (1956a). Recent studies by Morrison (personal communica
tion) indicate that the genus Fluviolanatus is a synonym for the widespread
Anticorbula. Two species allotted to Fluviolanatus occur in northern and
eastern Australia, often in great numbers. Certain species of Modiolus,
including M. confusus Angas of eastern Australia, occur in the upper
reaches of estuaries, and in Western Australia a species which is probably
identical has been found to tolerate salinities ranging from 2 ° / 0o to over
20°/oo- Dr B. Wilson of the Western Australian Museum, Perth, has
studied the ecology and physiology of this species, but his results are as yet
unpublished. The family Mytilidae occurs in all seas, and the genera are
widely distributed. No particular evolutionary relationship can be estab
lished for the Australian species.

(2) PROSOBRANCH GASTROPODS
(a) Viviparous river snails, superfamily Cyclophoroidea,
family Viviparidae
The group of snails which constitutes the family Viviparidae is quite well
known taxonomically, though revisionary studies are undoubtedly needed.
The family was studied from a world-wide point of view by Prashad (1928)
though no revision at species level was attempted. He allowed the genus
Vivipara from much of the world, including Australia, but recognized
several species groups (which were not formally named by him). Cotton
(1935) revised the Australian genera and species and was followed by
Iredale, who listed ten species of typical viviparids, allocated to two
genera, one of which contained two subgenera. Wenz (1938) placed the
two Australian genera, Notopala and Centrapala, in the subfamily Bellamyinae, which differs from the Viviparinae in embryonic shell features.
These generic divisions and the species recognized appear to be ‘good’
taxa, and the group should be a simple one to monograph. The evolu
tionary relationship of these forms seems to be one of relatively recent
origin from the north by way of the Indo-Malayan archipelago, as many
closely related genera occur in South-East Asia. There is one additional
genus and species usually referred to this family, Larina strangei A.
Adams. This is a curiously different shell, more like a Neritina in shell
shape, and somewhat resembling the species Glaucostracia paulucciana
(Tap. Canefri) from New Guinea. The latter has a viviparid operculum
(Ancey, 1897) but in shape resembles the South-East Asian thiarid genus
Chlorostracia. Indeed, Wenz (1938) has synonymized Glaucostracia under
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(Figs. 5:3-5:8)
Key to the genera of freshwater gastropods based on adult shells
The genera which may be identified by the use of the key are indicated by capital
letters.
This key is also prepared on the assumption that adult shells in good condition,
together with their opercula in the case of the Prosobranchs, are available. In view
of the variability of freshwater shells, it is desirable that a number of specimens be
examined to allow precise identification.
Fig. 5:3 Freshwater gastropods
la .
With operculum ..........................................................................................
2
30
lb. Without operculum ....................................................................................
2a. Medium to large, adult shells greater than 15 mm maximum dimension
3
2b. Small, adult shells less than 15 mm maximum dimension ....................
14
3a. Shell turbinate, height no more than l i times maximum width, whorls
rounded
................................................................................................
4
Shell turriculate, height more than 1} times maximum width, whorls
flattened or shouldered
7
Whorls with six or seven raised spiral threads above the periphery,
disappearing below .......................................................................... Centrapala
4b. Whorls with less than six threads above periphery or none at all; when
present, threads developed onlower part of whorl also ........................
5
5a. Columellar lip not especially thickened or expanded, shell substance
thin, colour olive to brown ......................................................................
6
Columellar lip thickened and expanded as a flat shelf, frequently
toothed, shell substance relatively thick, colour often variegated .... Neritina
Aperture entire, shell narrowly perforate, spire approximately equal to
height of aperture .............................................................................. Notopala
Aperture incomplete, shell imperforate, spire less than height of
aperture .................................................................................................... Larina
7a. Whorls coronated with short spines ........................................................
8
7b. Whorls not coronated ..............................................................................
9
8A. Length up to 50 mm. periostracum black, spire usually decollate, whorl
channelled above shoulder .................................................................... Thiara
8B. Length up to 30 mm, periostracum olive-brown, spire usually not
decollate, whorl shoulder notchannelled ......................................... Plotiopsis
K
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Chlorostracia and referred both it and Larina (the latter doubtfully) to
the Thiaridae, subfamily Paludominae. The true affinities of this group
could be established by study of the animals; Larina lives in the coastal
rivers of south Queensland, where it is found in truly freshwater and not
estuarine water as Prashad thought.
Practically nothing is known of the biology of Australian viviparids,
except that they are ovoviviparous and apparently resistant to drought,
since several species occur in quite arid regions. No doubt they are able
to survive through burrowing into the drying mud and, with the aid of
the operculum, staying sealed within the shell until conditions improve. The
family is distributed all over Australia, except for Tasmania, southern
Victoria, and south-western Australia.

(b) Little river snails, superfamily Rissoidea
A large number of small, freshwater prosobranch snails are referable to a
number of families falling into the superfamily Rissoidea. However, there
has been little agreement among workers on the correct family allocations
for some groups, and the names of the families have also been subject
to disagreement. A good example of this is the genus Tatea, which was
recognized for a freshwater snail, Bithynia huonensis, by Tenison Woods
in 1879, who considered it to belong with the Hydrobiidae. Tate (1892)
considered it a synonym of Eatoniella, which he referred to the Rissoinidae.
Pilsbry (1897) disagreed, and showed that it was a genus of the Amnicolidae ( = Hydrobiidae) on the basis of its radular structure; quite
distinct from Eatoniella. At the same time, because of its aberrant oper
culum, Pilsbry stated that the genus was ‘one of the most isolated in its
family’. Thiele (1929) placed it with the New Caledonian genus Hemistomia in the subfamily Hemistomiinae of the Rissoidae. Cotton (1943a)
refigured the operculum and again referred it to the Hydrobiidae, and
Iredale (1943a) placed it as a genus of the Paludestrinidae ( = Hydro
biidae). Cotton subsequently (1959) raised Hemistomiinae to family rank
and included Tatea therein, whereas Iredale and McMichael (1962) used
the family Tateidae for it alone. Coan (1964), revising the rissoids, again
placed Tatea as a subgenus of Eatoniella in the subfamily Barleeinae of
the Rissoidae, with the reservation that Barleeinae might be regarded as a
separate family. Subsequently, Coan has examined the operculum of Tatea
and no longer regards it as referable to the same group as Barleeia or Diala
(personal communication). More recently Ponder (1964) has examined
restored specimens of Tatea rufilabris and on the basis of a detailed know
ledge of New Zealand Rissoidea concluded that the genus undoubtedly
belonged to the Hydrobiidae and was closely allied to Potamopyrgus and
Hemistomia. Clearly, the classification of this genus cannot be regarded as
satisfactory, and the same is true of some of the other rissoid groups, the
classification of the superfamily being in a state of flux. Much more
detailed work on the anatomy, shells, and opercula, and on the general
biology of these groups is urgently required to resolve the situation.

Fig. 5:4 Freshwater gastropods
9a. Whorls strongly sculptured ......................................................................
10
9b. Whorls only weakly sculptured or not sculptured ..................................
12
10A. Sculpture of strong spiral ribs on lower portion of whorls, and strong
axial ribs on upper portion, sharply disjunct, maximum height less
than 20 mm .......................................................................................... Sermyla
10b. Spiral sculpture variable, but weak on lower portion of whorls if
present, not sharply disjunct from axial sculpture, height usually greater
than 20 mm ................................................................................................
11
I IA. Strong spiral ribs immediately below suture and at base of whorls,
periphery angled or with prominent rib, axial sculpture weak, oper
culum circular, nucleus central .............................................. Pseudopotamis
IIB. Moderately strong spiral thread sculpture over most of whorl, inter
secting with axial ribs, operculum ovate, paucispiral, nucleus near
margin ................................................................................ Plotiopsis (in part)
12a. Spire very high, at least twice length of aperture even when decollate,
sutures weakly to strongly impressed, whorls sometimes slightly
channelled, weak axial and spiral sculpture sometimes present ...........
13
12B. Spire moderately high, not more than H times length of aperture,
usually less in decollate shells, not sculptured, sutures only slightly
impressed ............................................................................................ Ripalania
13A. Shells less than 20 mm in height, with flattened apex, sometimes
decollate, white to fawn, aperture brown, rounded, columella
truncate ................................................................................ Coxiella (in part)
13B. Shells usually 30 mm or more in height, apex acute, sometimes
decollate, colour dark brown to black, columella not truncate Stenomelania
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Despite these difficulties, the shells are all generally acknowledged to be
referable to this superfamily, and a number of distinct associations can be
recognized. Chief among these are the genera and species referred to the
family Hydrobiidae (for which the family names Paludestrinidae and
Amnicolidae may be regarded as synonyms). Most of the genera are found
in Tasmania and south-eastern Australia, though a few range up the coast
as far as south Queensland and one (Jardinella) is confined to the rivers
around Cairns, north Queensland. The genera admitted by Cotton (1943b)
and Iredale (1943a) were recognized on the basis of subtle differences in
shell shape and some known differences in the structure of the operculum
in a few species. In the attempt to prepare the key to gastropod genera
presented in the present chapter it was necessary to examine the oper
culum of several species which had not previously been investigated. This
revealed a number of major inconsistencies in the classifications of Cotton
and Iredale. The genus Angrobia Iredale was erected for one species,
angasi Smith, on the basis of Smith’s statement that the operculum pos
sessed a ‘callosity on the inner surface, from the centre of which arises an
apophysis which is directed towards the inner or columellar edge’. Unfor
tunately, the operculum was not figured, and never has been. The genus
Pupiphryx was erected by Iredale for six species including dyeriana Petterd
(type species), smithii Petterd, and cooma Iredale, on the basis of the
shape of the shell and the paucispiral operculum with the nucleus distant
from the edge. However, examination of the opercula of the three species
of 'Pupiphryx' mentioned revealed that dyeriana has a multidigitate claw
on the inner side, similar to Tatea, smithii has no such claw nor any
calcareous deposit, while cooma has a calcareous deposit bearing a single
peg-like projection, presumably similar to that of Angrobia angasi. Clearly
the shape of the shell cannot be used for generic grouping in this case,
and I have therefore considered Pupiphryx to be a synonym for Tatea,
excluding any species without the opercular claw (which would then fall
into Potamopyrgus) and also cooma Iredale, which may be regarded as
Angrobia, with the proviso that Angrobia might prove to be synonymous
with Tatea when more species of the latter genus have been examined. The
genera of Hydrobiidae recognized here, then, are Potamopyrgus ( = Austropyrgus and Rivisessor) , Phrantela, Petterdiana, Beddomeia* ( = Beddomena), Valvatasma, Jardinella, Posticobia, Fluviopupa ( = Fluvidona
Iredale, fide Hubendick, 1952), Tatea, and Angrobia.
Another family, widespread throughout the world but represented in
Australia by only one, possibly two, genera, is the Bithyniidae, which has
been called Bulimidae by some authors. The International Commission has
since rejected Bulimidae and confirmed Bithyniidae. The Bithyniidae differ
from the Hydrobiidae in several ways. The latter have a thin, translucent
operculum and the males have a single, curved fleshy verge or penis, with
out any lateral appendages, located on the top of the body, just behind the
* Beddomeia (Petterd, 1889) is not pre-empted by Beddomea (Nevill, 1878) under
the current International Code, and therefore Tasmaniella (Ancey, 1897) is an
unnecessary substitute which must be discarded.
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head. In contrast the Bithyniidae are usually larger, with a thickened cal
careous operculum, and with the penis located dorsally on the neck inside
the mantle cavity. It is curved and fleshy, with a long finger-like appendage
arising from the inner concave central portion. Furthermore, there is a
cup-shaped flap of skin attached to the right side of the head just behind
the right tentacle.
A third family is the Hydrococcidae, recognized for a single monotypic
genus from south-western Australia, Hydrococcus. This genus is not unlike
a bithyniid in shell characters, but the operculum is multispiral and there
are important differences in radular structure (Thiele, 1929). Apart from
a single species allotted to Tatea and some Coxiella species, this is the
only rissoid group found in south-western Australia, but whether it is
widespread or confined to a few streams is not known. Possibly it occupies
the same ecological niche as the Hydrobiidae and Bithyniidae do elsewhere.
Although the Australian forms of the Hydrobiidae are virtually confined
to south-eastern Australia, their near relatives are world-wide. Pilsbry
(1911) and Wenz (1938) have regarded Potamopyrgus as a widespread
genus with representatives in New Zealand, Central and South America,
West Africa, and Australia. A species of Potamopyrgus s.l. has been
recorded from late Tertiary rocks in the Northern Territory and north
western Queensland (McMichael, 1967). The genus also occurs in England
and Europe where it is represented by a single species, Potamopyrgus
jenkinsi. The origins of this species are obscure but it may well have been
introduced from New Zealand. The Australian bithyniid genus Gabbia,
based on an Australian type species, was regarded by Thiele (1928) and
Wenz (1938) as a widely distributed genus with representatives in southern
Europe, Africa, India, and Indo-Malaya, as well as eastern, northern, and
central Australia. The genus Coxielladda, which was based on a species
originally regarded as one of the salt lake snails, Coxiella, has been
referred to the Bithyniidae by Iredale (1943a: 211). Macpherson (1957)
included it in her revision of Coxiella, though in shell shape it seems more
appropriately placed with Gabbia. Undoubtedly, anatomical study would
resolve the problem. A species of Gabbia has been recorded from late
Tertiary rocks in the Northern Territory (McMichael, 1967) while
Coxielladda gilesi has been reported from sub-Recent Limestones in South
Australia (Ludbrook, 1953).
Practically nothing is known of the biology of Australian hydrobiids and
bithyniids. Some early experiments by Bradley (1926) concerning the
aquatic snails of the Monaro district of southern New South Wales dealt
with (among other species) a hydrobiid, identified as Potamopyrgus sp.
but which was almost certainly Angrobia cooma (Iredale), as Cotton
(1943b) pointed out. Some observations on the appearance in life and
the behaviour of the species were made, but nothing of ecological or bio
logical significance was reported. McKay (1926) also studied the inter
mediate hosts of liver fluke and found a high percentage of cercarial infec
tion in Gabbia australis. In studies of the resistance of host snails to
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desiccation, he experimentally dried large numbers of snails and found that
more than 12 per cent were still living after six months.
More recently, J. C. Pearson, of the Department of Veterinary Science,
University of Queensland, has studied the parasites of Queensland members
oi these families, but no published results are available at present. Similarly,
T. Warwick of the Department of Zoology, University of Edinburgh, has

Fig. 5:5
14a.
14b.
15A.
15B.
16A

.

16b.
17a.
17b.
18A.
18b.
19A .

19b.
20A.
20B.

Freshwater gastropods

Shells usually decollate or with flattened apex .........................................
15
Shells not decollate, apex not flattened ......................................................
16
Colour pink to brown, whorls not sculptured .................... Coxiella (in part)
Periostracum dark brown (worn shells white to cream) with up to eight
spiral lirae encircling shell, with fine axial ribs running between, but
not across, spiral lirae ............................................................................. Iravadia
Shell pupiform, imperforate, glassy, with swollen body whorl and
compressed, circular aperture .............................................................. Obesitena
Shell turriculate, aperture not compressed, body whorl not abnormally
swollen ...............................................................................................................
17
Shells relatively large (5 to 10 mm) turbinate to turriculate, spire
elevated, whorls rounded ...............................................................................
18
Shells relatively small, maximum length less than 5 mm, shape variable
21
Length almost twice maximum diameter or greater ......... Coxiella (in part)
Length from l i to l i times maximum diameter .....................................
19
Shell imperforate, dark brown to black, operculum concentric ....... Gabbia
Shell perforate, light fawnto pink, operculum spiral ...............................
20
Operculum paucispiral ......................................................................... Coxielladda
Operculum multispiral ..................................................................... Hydrococcus
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studied variation in the shell of several species of Potamopyrgus, including
Australian species, which he has maintained in laboratory culture success
fully for some years, but again no published results are available. A great
deal is known about the biology of Potamopyrgus jenkinsi in Britain, how
ever, and in all probability the data available on this species would be
generally applicable to other hydrobiid species.
Two smaller rissoid groups are represented in Australia, referable to the
families Iravadiidae and Stenothyridae. The first is a small shell from
specimens from Bowen, Queensland, described as belonging to the genus
Iravadia, whose type species lives in the mouth of the Irrawaddy River.
Iredale accepted the reference of the species to the family Iravadiidae, but
erected a new genus, for it, Pellamora, and added two more species from
beach shell-sand collected at Darwin. Laseron (1956b) commented on the
relationship of the genus and described a number of species from shellsand. Subsequent research indicates that Pellamora is probably a synonym
for Iravadia, and is essentially estuarine to marine in habitat. Again, bio
logical investigation of the group is needed. The family Stenothyridae is
represented by only one known species, described by Hedley from Bowen,
Queensland, as Stenothyra australis, but placed by Iredale in a new genus,
Obesitena, because of difference in the operculum. Iredale described two
subspecies of Obesitena australis, one from Nudgee, Queensland (a true
freshwater locality), and the other from Darwin shell-sand. Again the
precise ecological nature of these populations and their true affinity at the
family level needs study. The male verge of true Stenothyra is known to
be a single structure, as is that of the hydrobiids, but it possesses a small,
terminal, calcareous spike.

(c) Salt lake snails, superfamily Rissoidea,
family Truncatellidae
Of more general interest is the group of salt lake snails, referred to the
genus Coxiella. These shells are widespread in southern Australia from
Victoria to Rottnest Island, Western Australia, and have recently been
revised by Macpherson (1957) who has cleared up the taxonomy at the
species level. Wenz (1938) places the genus in the family Truncatellidae,*
which includes the semi-terrestrial genus Truncatella and its close relatives,
which commonly inhabit the strandline and supralittoral region. Coxiella
inhabits the margins of highly saline lakes, where the shells occur in great
abundance; it seems likely that the species would have interesting physio
logical adaptations to this environment. Hedley (1923) regarded Coxiella
as a ‘thallasoid’ element in the aquatic fauna, implying that it was derived
directly from marine ancestors. However, it seems much more likely to be
a local evolutionary development of the Truncatellidae, and it probably
passed through a semi-terrestrial phase before invading the saline inland
waters.
♦Another name once used for this family is Acmeidae, which the Inter
national Commission has now suppressed. Iredale created a separate family,
the Coxiellidae, for this genus, but without any good reason.
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(d) Freshwater nerites, superfamily Neritoidea, family
Neritidae
A group which deserves mention here, though not truly freshwater, is the
genus Neritina, a close relative of the marine littoral genus Nerita, family
Neritidae. The neritinas are all found in waters under tidal influence, but
as these are often completely fresh the species may be important in
limnological studies. Several species have been recorded from Queensland
and northern Australia, but none are endemic, all being widespread species
found in the islands north of Australia.

Fig. 5:6 Freshwater gastropods
21a.
21b.
22a.
22B.
23a.
23b.
24A.
24B.
25a.
25b.
26A.
26b.
27A.
27B.
28A.
28 B.

Operculum with clawed or toothed appendage on inner side ................
29
Operculum without clawed or toothed appendage .................................
22
Aperture appressed to body whorl ...........................................................
23
Aperture free from body whorl ..................................................... Fluviopupa
Shell turriculate, height l i or more times width ...................................
24
Shell turbinate, height approximately equal to width ................................
25
Shell white, sutures with marginal band, operculum unknown ...... Phrantela
Shell brown to black, sutures not margined, operculum paucispiral
Potamopyrgus
Body whorl enlarged, spire relatively depressed ....................................
26
Body whorl not enlarged, spire relatively elevated ................................
28
Shell imperforate ............................................................................. Petterdiana
Shell perforate .............................................................................................
27
Umbilicus narrow .............................................................................
Jardinella
Umbilicus broad ............................................................................... Valvatasma
Whorls rounded, umbilicus moderately broad ................................ Beddomeia
Whorls keeled, umbilicus very narrow ............................................ Posticobia
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(e) Marsh or black snails, superfamily Cerithioidea,
family Thiaridae
The last major family of operculate freshwater snails is the Thiaridae.
Thiara Röding is the earlier and correct name for the genus commonly
known as Melania Lamarck, both having the same type species. The older
family name is Melaniidae, and this still persists in much literature, though
it would save confusion if it were dropped altogether. Until recently the
shells grouped under this heading represented a conglomeration now
thought to be polyphyletic. Morrison’s (1954) researches showed that three
distinct families were involved: the Pleuroceridae, which derive from the
marine family Cerithiidae; the Melanopsidae, which arose from the marine
family Modulidae; and the Thiaridae, which are freshwater relatives of the
marine family Planaxidae. The Thiaridae are found in Africa, America,
Asia, and Australia, whereas the Melonopsidae are European and the Pleu
roceridae American, African, and Asian. According to Morrison, only
anatomical characters, especially of the reproductive organs, can be used
in establishing to which of the three families a genus should be referred.
There are no characters of the shell, operculum, or radula which will allow
complete separation of the families, because of convergence.
Morrison believes the Thiaridae are entirely parthenogenetic and ovoviviparous, with no males present in the species. This has important zoo
geographic implications, since it makes dispersal much more likely to result
in successful colonization, and consequently we can expect widespread
species. A brood-pouch occurs as a subhaemocoelic structure on the neck
with an opening on the right-hand-side of the neck. The Asian genera recog
nized by Morrison are Thiara ( = Plotiopsis Brot), Tarebia H. and A.
Adams, Sermyla H. and A. Adams, Stenomelania Fischer, Melanoides
Olivier, Sulcospira Troschel, Balanocochlis Fischer, Tylomelania Sarasin,
Antimelania Crosse and Fischer, Brotia H. Adams, and Fijidoma Morrison.
Unfortunately, no one has yet correlated the Australian genera listed by
Iredale (based on shell characters) with those of Morrison. Some prelim
inary investigations by Pearson suggest that the placement of Australian
forms may need revision. The most widespread Australian genus is
Plotiopsis (whose type species is the Murray-Darling balonnensis), which
for the present purpose is regarded as distinct from Thiara. Ten nominal
species are listed, from the lower Murray River, central New South Wales
and Queensland, coastal Queensland, coastal north New South Wales, the
Northern Territory and Central Australia, and south-western Australia,
and an unnamed fossil species has been recorded from late Tertiary rocks
in the Northern Territory (McMichael, 1967). However, the species are
all rather similar and revision might well result in considerable lumping.
Thiara s.s. occurs in coastal rivers of north Queensland, the local popula
tion from Cardwell having been named T. amaruloidea by Iredale. Com
parison of shells suggests, however, that the Queensland populations are
referable to the widespread Thiara amarula (Linne).

138

AUSTRALIAN INLAND WATERS AND THEIR FAUNA

Iredale’s genus Sermylasma includes six nominal species with a range
from coastal Queensland to north-western Australia. The genus is almost
certainly a synonym of Sermyla, which agrees closely in shell characters
and ranges through South-East Asia and Indo-Malaya. The genus Stenomelania is represented in Australia by the widespread species S. denisoniensis, which occurs in the coastal rivers of northern New South Wales and
Queensland, as far north as Cape York Peninsula. Its long, slender, pointed
shell, smooth, with a small aperture, is greenish-brown when young but

Fig. 5:7 Freshwater gastropods
29A. Operculum with simple digitate appendage ..................................... Angrobia
29B. Operculum with multidigitate claw ......................................................... Tatea
30a. Shell spirally coiled ...................................................................................
31
30b. Shell cap-shaped, limpet-like ...................................................................
38
31a. Shell elevated, height equal to or greater than width .............................
32
31b. Shell discoidal, diameter much greater than height ................................
36
32a. Shell sinistrally coiled .................................................................................
33
32B. Shell dextrally coiled ........................................................................... Lymnaea
33a. Spire elevated, pointed, whorls not markedly flattened above ...............
34
33B. Spire depressed to flat, dorsal surface of whorls markedly flattened
Amerianna
34A. Whorls sharply angled at shoulders, shell surface with strong spiral
sculpture ...................................................................................... Glyptophysa
34b. Whorls not angled at shoulders, surface without strong spiral
sculpture ...................................................................................................
35
35A. Body whorl relatively large, aperture expanded, spire depressed,
columella truncate ............................................................................
Isidorella
35B. Body whorl relatively small, aperture compressed, spire elevated,
columella not truncate .....................................
Physastra (or rarely, Physa)
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quite dark in older specimens and may become decollate. Stenomelania
was studied by Abbott (1948), who failed to find a brood-pouch, though
Morrison (1954) declares that they do possess this typical family character.
However, research by Seshaiya (1940) suggests that there may be only a
short period of development in the brood-pouch, followed by a veliger
stage. Pearson (personal communication) found a non-uterine brood-pouch
in denisoniensis, which must therefore be regarded as a typical Steno
melania. Iredale’s genus Ripalania was proposed for the decollate species
queenslandica Smith, described from coastal Queensland. This may prove
to be another species of Stenomelania, but comparative anatomical study
is needed. Finally, Iredale listed the genus Pseudopotamis Martens in this
family. This genus was erected for two nominal species, from islands in
Torres Strait, which differ considerably in shell morphology from the other
Australian thiarids. Wenz (1938) regarded Pseudopotamis as a subgenus
of Brotia which he placed in the subfamily Melanatrinae. Its true family
position and relationship with other genera must await anatomical investi
gation.
No biological studies have been made on Australian thiarids, other
than those of Pearson which have been directed towards parasitology. The
genus Plotiopsis must be regarded as drought-resistant, since its species
are found in the arid parts of the continent. Many species of thiarids seem
to occur in great numbers, and in coastal Queensland streams they are often
the dominant molluscs. In the islands north of Australia, thiarids are
important as the host species of Chinese liver fluke ( Clonorchis sinensis)
and Oriental lung fluke (Paragonimus westermani) so ecological and bio
logical studies of the Australian species are desirable.
It should be noted here that Wenz (1938) regarded the genus Larina as
belonging to this family, placing it in the subfamily Paludominae, which
Morrison would group with the Asian representatives of the family Pleuroceridae. Larina has been discussed above under Viviparidae.
The evolutionary relationships of the Australian thiarids can only be with
their Asian counterparts and they must be regarded as relatively recent
arrivals in Australia from the north.

(3) FRESHWATER PULMONATE GASTROPODS
(a) Right-handed pond snails, superfamily Lymnaeoidea,
family Lymnaeidae
Among the pulmonate gastropods, a great deal of anatomical research in
recent years has led to major changes in the classification of most groups.
The chief architect of this new classification is Hubendick, who has pub
lished major works on the families Lymnaeidae and Planorbidae, and is
currently engaged in a study of the Ancylidae.
The Lymnaeidae were reviewed on a world-wide basis by Hubendick
(1951), who recognized three species only in Australia: Lymnaea tomentosa (Pfeiffer) (ranging from New Zealand to south-eastern Australia),
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L. tasmanica Tenison-Woods, and L. lessoni Deshayes. The last was
regarded as virtually Australia-wide in distribution. In his broad survey,
Hubendick relegated to synonymy many nominal genera and subgenera, as
well as many species, but because his study was based on limited amounts
of material he did not deal with each specific name in detail. Iredale
(1943a) has listed more than twenty species which he allotted to four
generic groups, Peplimnea, Austropeplea, Simlimnea, and Glacilimnea, but
these were all reduced to the synonymy of Lymnaea by Hubendick. Boray
and McMichael (1961) reviewed these results on the basis of experiments
in breeding the smaller lymnaeids associated with liver fluke, and agreed
with Hubendick that only the one genus, Lymnaea, was represented in
Australia and that very few species occur. Boray and McMichael reduced
tasmanica Tenison-Woods to synonymy with tomentosa Pfeiffer, regarding
all the small, high-spired shells from south-eastern Australia as belonging
to the one species. The larger globose shells associated with L. lessoni,
which Iredale regarded as species of his genus Peplimnea, are probably all
one species as Hubendick indicated, but the group has not yet been
critically reviewed.
Quite extensive biological and ecological studies of the lymnaeids have
been made because of their importance in the transmission of fluke diseases,
such as sheep liver fluke and bather’s itch or schistosome dermatitis (John
ston, 1941). Early studies by Bradley (1926), McKay (1926), and
Clunies Ross and McKay (1929) have been continued by a number of
workers at the McMaster Laboratories of the CSIRO Division of Animal
Health and by other workers in universities. Much is known about the
ecology, life-history, physiology and parasitology of these snails (see Boray,
1964), though some (e.g., Ewers, Durie, Pearson) remains unpublished
at the time of writing. The snails are hermaphrodites and can be self
fertilizing if grown in isolation. Consequently, the dispersal of a single
individual to a new locality can result in the establishment of a new popula
tion, and, as a result of the consequent inbreeding, highly homozygous,
morphologically constant populations are often found. Because of the wide
spread distribution of the family, which results from the relative ease of
dispersal, no definite zoogeographic conclusions can be reached about the
Australian species.

(b) Freshwater limpets, superfamily Lymnaeoidea,
family Ancylidae ? or Ferrissiidae
The freshwater limpets have for a long time been referred to the family
Ancylidae, based on the European genus Ancylus. However, Zilch (1959)
has recognized three families of limpet-shaped shells, including a restricted
Ancylidae for Ancylus alone, the bulk of the world species being referred
to the family Ferrissiidae. These molluscs are at present being studied by
Hubendick, and Zilch’s divisions may or may not be confirmed anatomi
cally. Meanwhile, the family allocation of Australian genera is left uncer
tain. Iredale admitted five genera for Australia, Pettancylus, Forsancylus,
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39A

Freshwater gastropods

Whorls rounded ......................................................................................... Pygmanisus
Whorls keeled .........................................................................................................
37
Keel bluntly rounded .................................................................................. Helicorbis
Keel sharply angled ....................................................................................... Gyraulus
Shell with secondary cap on posterior end ................................... Problancylus
Shell without cap, simple limpet shape ..........................................................
39
Shell with base almost closed by shelf or septum ............................. Stimulator
Shell without shelf or septum ............................................................................
40
Shell small, less than 5 mm in length, withoutsculpture ............... Pettancylus
Shell large, up to 15 mm in length, usually with radial rib sculpture
Ancy last rum

Problancylus, and Stimulator and Legrandia. The last name referred to the
large Tasmanian limpets, and a subsequent decision of the International
Commission has suppressed it in favour of the earlier Ancylastrum (which
had been the subject of nomenclatural debate). Of these generic names,
only Ancylastrum* is universally recognized as an endemic genus of good
standing, with two or three species inhabiting the large highland lakes. The
other four names were proposed by Iredale (1943a, 1944) for about
sixteen nominal species, but there may well be only a few widespread
forms. Hubendick (1960) published an anatomical study of the so-called
Pettancylus australicus Tate from Adelaide and concluded that it differed
from both Ancylus s.s. and Ferrissia s.s., and subsequently (1964) he
ranked it as a subgenus of Ferrissia with a geographic range extending from
Africa through south and east Asia to Australia and Oceania. The name
♦Hubendick (1964) has shown that Ancylastrum is probably a member of the
family Planorbidae near Physastra.
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Problancylus refers to limpets with a cap which were once referred to the
neotropical genus Gundlachia, while Stimulator refers to species with a
septum partly sealing off the aperture. The septate or capped condition
is probably no more than an environmentally induced phenotype, similar
developments being found in many ancylids. Iredale (1944: 127) con
sidered that the capped limpets were ecological aberrations, but Hedley
(1894) did not think this was so; Burch (1965: 257) has also indicated
that the question is still not settled, but Hubendick (1964) is quite definite
in allotting Problancylus together with Forsancylus to the synonymy of
Pettancylus. Hubendick did not consider Stimulator in his review, but
clearly would regard it as not generically separable from Pettancylus, No
doubt future investigation of this group will answer some of these questions
and resolve the taxonomic problems at the generic level.
No biological studies of any kind have been made on Australian fresh
water limpets. They are widespread, being found in all eastern states,
central and north-western Australia, and south-western Australia, though
nowhere are they really common. Their small size and habit of clinging
to decaying vegetation means that they are often overlooked by collectors.
Evans (1942) found that Ancylastrum was of some importance as a food
of trout in Tasmania.
The most difficult group taxonomically among the freshwater pulmonates
remains to be considered.

(c) Left-handed pond snails and flat coiled pond snails,
superfamily Lymnaeoidea, family Planorbidae
The shells here included are usually known in Australian literature under
the family names Bullinidae and Planorbidae. The former, based on Bullinus Oken 1815, was used by Iredale (1943a) and Cotton (1943c), but
the name should have been based on Bulinus Müller 1781. Hubendick
(1948, 1955a) has since shown that the group is in reality a subfamily of
the Planorbidae. Furthermore, the matter is complicated by the fact that the
shape of the shell is not diagnostic for the subfamily. Two principal genera
were recognized among the old Bullinidae, which Iredale listed as Lenameria Iredale and lsidorella Tate, differing from each other slightly in shell
form. Hubendick has shown that, on the basis of the structure of the geni
talia, lsidorella (which he regards as a synonym of Bulinus s.s.) falls into
the subfamily Bulininae, whereas Lenameria (which he synonymizes under
Physastra) falls into the Planorbinae. The name Planorbinae, which once
was used only for the flat-coiled shells, is thus used for both flat and highspired forms, though the latter are placed in different tribes from the
flat-coiled shells. Hubendick’s studies have been summarized by Zilch
(1959) who, because of the complication of the classification, should be
referred to for details. In general the groups Iredale recognized as lsidorella
and Oppletora are placed in the Bulininae, while those recognized as
Lenameria and Tasmadora (and possibly Mutalena) are equated with
Physastra in the Planorbinae, tribe Physastreae. The forms grouped by
Iredale under the names Glyptamoda ( — Glyptophysa Crosse) and Ameri-
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anna are also referred to the Planorbinae, but to the tribe Amerianneae.
Of these groups, Physastra is generally found in the coastal rivers and
Isidorella in the muddier, inland streams, though the two may occur
together. Physastra is based on a New Guinea type species (P. vestita) and
contains some forty nominal species. However, my preliminary examination
of the many series in the Australian Museum suggests that a great deal of
synonymizing needs to be done. Probably a few widespread species, subject
to great environmental variation, will be recognized. Ivey (1951) has shown
that a single species population maintained in an aquarium and subjected
to selective breeding varied significantly in shape, especially in the height
of the spire, over a few generations; no doubt other species would show
similar variability. Physastra ranges from Indonesia and New Guinea to
Australia, New Caledonia, and New Zealand. Isidorella is based on the
Central Australian species I. newcombi, and contains eleven nominal
species. A species of Physastra and an Isidorella have been recorded from
late Tertiary rocks in northern Australia (McMichael, 1967).
Before we leave the high-spired sinistral shells, we should remember
that in Europe shells of this kind are principally members of the genus
Physa, belonging to the family Physidae, a group quite distinct from the
Planorbidae. Most of the Australian shells were originally described as
Physa (e.g., Smith, 1882), since only shells were available; it was not until
Cooke (1889) investigated the radula that they were referred to ‘Bullinus
Most authors have assumed that all the Australian shells would fall into
the same group, but Hubendick (1955b) found that one species, identified
as ‘Physa’ concinna A. Adams and Angas, was after all a true Physa.
Whether these shells were truly an endemic species or whether they repre
sented an introduced population is not known. However, this point empha
sizes the need for a complete anatomical investigation of these Australian
‘buliniform’ shells in order to determine their correct classification.
The flat-coiled shells referred by Cotton and Iredale to such ‘genera’
as Pygmanisus, Plananisus, Glyptanisus, Segnitila, and Glacidorbis are all
small, discoidal, rather similar shells, which would undoubtedly fall into
the subfamily Planorbinae. Hubendick (1955a) has recently studied the
classification of the Planorbidae, but he has not considered in detail the
taxonomy of these so-called genera. It is clear from his studies that shell
morphology is of very little use in determining the generic placement of any
species, since the male genitalia and the radula are the most important
characteristics for this purpose, and very similar shells may be found in
anatomically distinct groups. Unfortunately, no studies have been made of
any Australian Planorbidae (other than the high-spired genera Isidorella
and Physastra), so that the status of Iredale’s and Cotton’s genera remains
uncertain.
It seems unlikely that Australia would possess five endemic genera when
other genera have been found to have rather wide distribution. Hubendick’s
study shows that a number of genera are found in South-East Asia, includ
ing Polypylis, Helicorbis, Gyraulus, and it seems probable that these groups
will be found to include the Australian species. Zilch (1959) has attempted
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to translate the anatomical system of Hubendick into shell morphology for
palaeontological purposes, and a comparison of the illustrations in Zilch
with Australian shells suggests that Gyraulus sensu lato might include
Glyptanisus Iredale, Plananisus Iredale, and Segnitila Cotton and Godfrey,
although the last was doubtfully referred by Zilch to Helicorbis. Glacidorbis
appears to be a stunted ecotype, the result of unfavourable environmental
conditions, but it does not fall naturally into any other group, other than
Iredale’s Pygmanisus. This is a small-shelled group, with rounded whorls
and the aperture almost free from the body whorl, and may represent a
valid Australian genus. For the purposes of the key to genera which
follows, the three groups Gyraulus, Helicorbis, and Pygmanisus are separ
ated on shell characters, but I stress that no great reliance should be placed
on the result.
In Hubendick and Zilch’s system, the genera recognized would fall into
two tribes of the Planorbinae, Gyraulus in the Planorbeae and Helicorbis
in the Segmentineae, while Pygmanisus cannot at present be allocated. The
other ‘planorbine’ tribes are not represented in the Recent Australian
fauna, but a genus of the tribe Biomphalarieae, Syrioplanorbis, has been
recorded from late Tertiary rocks in northern Australia (McMichael,
1967). At the same time, a species of Gyraulus and a species of the genus
Anisus (tribe Planorbeae) were described.
Again the same story must be told. Practically no biological studies on
the family have been made in Australia. The species are hermaphrodite,
like the other freshwater pulmonates, and they will breed quite readily
in the laboratory. They may be capable of self-fertilization, though I have
not been able to demonstrate this with the common Sydney species,
Physastra gibbosa (Gould). The species are apparently quite easily dis
persed, as they are found almost everywhere, and some are obviously
capable of great drought resistance. Some living specimens of Physastra
were collected at Karumba, north Queensland, in February 1964, a few
weeks after the beginning of the annual wet season, although in December
just prior to the rain no trace of any freshwater pulmonates could be found.
Bradley (1926) investigated the biology of a few species, but as they do
not transmit liver fluke they have since been neglected. At one stage it was
thought that the Australian ‘Bulinus’ might serve as a vector for bilharziasis (Schistosoma mansoni), a few cases of which occurred in Australia
after World War I, but the disease died out and has never become estab
lished in Australia. Harvey Johnston et al. in South Australia and Pearson
in Queensland have made some parasitological studies, but otherwise the
group remains virtually uninvestigated.
This concludes the survey of Australian freshwater molluscs, and it is
hoped that the above summary will serve as a guide to the literature which
exists on the subject, and will assist in understanding the classifications
used, both past and present.
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SUMMARY OF THE TAXONOMIC STATUS OF THE
AUSTRALIAN FRESHWATER MOLLUSCA
The above review summarizes the opinion of the author regarding the
taxonomy of the Australian freshwater molluscs. No doubt other taxono
mists would disagree with my assessment of the number of species and
generic relationships. However, the opinion of many students of the fresh
water mollusca is increasingly that they are a group in which species are
often extremely variable and geographically widespread. Both phenotypically and genetically they are capable of rapid response to environ
mental factors, so that the morphology of both shell and animal characters
is far from constant. Hunter (1964: 103) has summarized this situation in
the following words:
The type of selection occurring in freshwaters is a consequence of the
nature of the environment. The transience of most freshwater habitats
limits the number of generations for which any separate population of
freshwater animals can exist. But much short-term, small scale isolation
can occur, as freshwater habitats are geographically discontinuous and
mostly small. Genetic isolation can be sufficient to produce some interpopulation diversity but even limited transfer of individuals between
populations by passive dispersal usually results in sufficient gene exchange
to prevent full speciation . . . In general, much inter-population diversity
occurs but little full speciation . . . Particularly in many pulmonates
selection has produced genotypes which can show phenotypic flexibility.
What appears to have been most strongly selected for is the capacity to
vary, the possession of adaptive plasticity.
With this statement I am in full agreement: the Australian freshwater
mollusca exhibit ‘adaptive plasticity’ to a high degree. Only a few groups
display a pattern of species with restricted distribution and relatively slight
variation, and these are mostly prosobranchs, especially the smaller rissoids. The larger prosobranchs, pulmonates, and bivalves all appear to
include relatively few, widespread, and variable species.
However, despite this fact there is still a fairly high degree of endemism
in certain groups, if the fauna of Australasia (including New Guinea and
New Zealand) be taken as a zoogeographic unit. McMichael and Hiscock
(1958) have demonstrated this for the freshwater mussels, and the same
appears to be true for most of the Hydrobiid genera and for the species of
Lymnaea. On the other hand the Corbiculidae, the Sphaeriidae, the Viviparidae, and the Planorbidae are apparently closely related to widespread
Asian and Pacific Ocean groups and could not be regarded as having a high
degree of endemism, at least at the generic level. In the case of the Thiaridae and Neritidae, most of the Australian forms are widespread tropical
Indo-Malayan species, though there are a number of endemic Thiarid
species. Perhaps the most distinctively endemic forms, apart from the fresh
water mussels and Hydrobiidae, are the members of the genus Coxiella in
the Truncatellidae, the genus Larina of uncertain affinity, and the south
west Australian genus Hydrococcus.
To a large extent this distinction between largely endemic groups and
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non-endemic groups relates to the origins of the fauna concerned. The
freshwater mussels and the hydrobiids are part of the ‘Southern Element’
in the Australian fauna and were probably derived from the fauna which
inhabited Australia at the time of its separation from the other southern
continents. Hydrococcus may also be included in this element of the fauna.
The Corbiculidae, Sphaeriidae, Viviparidae, Planorbidae, and Thiaridae
are probably more recent arrivals from the north, having reached Aus
tralia during Tertiary and Recent times, and hence are less likely to have
produced endemic Australian groups. The ancestry of Larina can only be
determined when its classification is known, while the Coxiellidae are
probably a purely local evolutionary development from Truncatellidae.
The following list summarizes the classification of the Australian fresh
water mollusca adopted here. Note: Names in parentheses after a particular
genus are those generic groups listed by Iredale (1943a, 1943b, 1944)
which are probably synonymous. Many of these have not been thoroughly
investigated and the reference must be regarded as tentative. Genera
marked with an asterisk are brackish to freshwater forms, sometimes with
marine relatives.
CLASS BIVALVIA
Superfamily U nionoidea

Family Hyriidae. Velesunio, Alathyria, Westralunio, Lortiella, Hyridella,
Cucumerunio. (For generic synonymy, see McMichael and Hiscock,
1958.)
Superfamily S phaerioidea

Family Corbiculidae. Corbiculina.
Family Geloinidae. Geloina*, Batissa*.
Family Sphaeriidae. Sphaerium ( — Sphaerinova), Pisidium ( = Australpera, ?
Glacipisum).
Superfamily M ytiloidea

Family Mytilidae. Modiolus*, Anticorbula* (? = Fluviolanatus).
CLASS GASTROPODA
Subclass P rosobranchia
Superfamily Cyclophoroidea

Family Viviparidae. Notopala, Centrapala, (?) Larina.
Superfamily R issoidea

Family Hydrobiidae. Potamopyrgus* ( = Austropyrgus, Rivisessor),
Phrantela, Petterdiana, Beddomeia ( = Tasmaniella, Beddomena),
Valvatasma, Jardinella, Posticobia, Fluviopupa ( = Fluvidona),
Angrobia, Tatea* ( = Pupiphryx).
Family Bithyniidae. Gabbia, (?) Coxielladda.
Family Hydrococcidae. Hydrococcus.
Family Iravadiidae. Iravadia* ( = Pellamora).
Family Stenothyridae. Obesitena*.
Family Truncatellidae. Coxiella, (?) Coxielladda.
Superfamily N eritoidea

Family Neritidae. Neritina*.
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S u p e r f a m il y C erithioidea

Family Thiaridae. Thiara*, Plotiopsis, Sermyla { — Sermylasma), Stenomelania, Ripalania, Pseudopotamis, (?) Larina.
S ubclass P u lm onata
S u p e r f a m il y L ym naeoidea

Family Lymnaeidae. Lymnaea. (For generic synonymy see Boray and
McMichael, 1961.)
Family Physidae. Physa.
Family Planorbidae.
Subfamily Bulininae. lsidorella ( = Oppletora).
Subfamily Planorbinae. Physastra ( = Lenameria, Tasmadora, Mutalena), Ancylastrum { = Legrandia), Amerianna, Glyptophysa
( — Glyptamoda), Gyraulus (? == Plananisus, Glyptanisus, Segnitila), Helicorbis (? — Segnitila), Pygmanisus (? = Glacidorbis ).
Family Ancylidae or Ferrissiidae. Pettancylus ( = Forsancylus), Problancylus (? = Stimulator).
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Patterns of Zoogeography and Speciation
in South-eastern Australian Amphibia
M. J. Littlejohn
Patterns of allopatric speciation are closely tied to the historical
zoogeography of a region, and this in turn is influenced by the climatic
and/or eustatic changes of the Pleistocene epoch; for it is the past and
present dispersal routes and barriers which have allowed migration,
geographic isolation, and subsequent genetic differentiation of populations
of a species. Before a complete picture of a regional pattern can be
obtained all the specific and major infra-specific taxa within a particular
group should have been recognized and their stage of speciation object
ively estimated. This will depend not only on the intensity of field collecting
and observation but also on an assessment of the degree of actual or
potential reproductive isolation present between cognate populations.
Along with these taxonomic requirements is the need to have geographic
ranges carefully determined, particularly the limits of main distribution and
the location of any smaller outlier populations.
Anuran amphibians have several characteristics which make them
suitable for an initial study of this type:
1. Sympatric sibling species (slight or no morphological differentiation)
can be recognized by their distinct mating call structure (Main, 1957a;
Littlejohn, 1957, 1958; Littlejohn and Martin, 1964, 1965).
2. Road logs of species specific breeding choruses provide a great deal
of additional information about distribution.
3. Potential reproductive isolation may be estimated by comparison of
mating call structure (Blair and Littlejohn, 1960; Littlejohn, 1960) and
through in vitro crosses (Moore, 1954; Main, 1957a; Mecham, 1959).
Thus the stage of speciation of disjunct allopatric populations can be
assessed.
4. Dispersal powers are limited by moisture requirements (relatively
permeable integument of adults and mode of life history), locomotory
ability, and intolerance of salt water. Hence anurans normally require
land continuity and specific ecological conditions for dispersal and thus
make a sensitive indicator group for climatic and sea-level changes.
For several years we have been studying distributions and relationships
of the anuran amphibians of south-eastern Australia, which for present
purposes may be defined as approximately that area east of 135° east
longitude and south of 34° south latitude, including the continental
150
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islands (Fig. 6:1). Much of the following account is based on unpublished
observations and some of the statements may lack adequate qualification.
However, it is not possible, nor perhaps even desirable, to introduce
such detailed information in a general essay of this type. No additional
in vitro hybridization tests have been attempted, but detailed studies of
mating call structure and preliminary assessments of natural hybridization
provide some measurements of the development of reproductive isolation,
a primary indicator of the stage of speciation achieved. All the main taxa
(including sibling populations) which occur in south-eastern Australia
are now believed to have been recognized, and the geographic ranges of
most of them determined with reasonable accuracy. Thus, while some of
the details and taxonomic interpretations may later be proved incorrect,
these changes are not expected to influence the overall pattern greatly.

TORRESIAN

SYRIAN

Cl ar ence R i v e r -

SOUTH
WESTERN

AREA UNDER
DETAILED
DISCUSSION

Fig. 6:1

BASSI AN

Approximate boundaries of Australian zoogeographic subregions and of the
area under detailed discussion

ANURAN FAUNAL COMPOSITION
At least forty-two described species in two families, Leptodactylidae and
Hylidae, occur within, or adjacent to, the defined area (Parker, 1940;
Copland, 1957, 1961, 1962; Moore, 1961; Littlejohn, 1961b, 1963a,
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1964, 1965, 1966; Littlejohn, Martin and Rawlinson, 1963; Littlejohn
and Martin, 1965a, 1965b). Three of these nominal species appear to
include cryptic or sibling species: Hyla phyllochroa, Mixophyes fasciolatus
and Uperoleia rugosa (unpublished observations). The status of some
allopatric populations presently recognized as species may later need
reconsideration in the light of our finding zones of hybridization, but for
the present discussion the accepted binomials will be used. Moore (1961)
has suggested that only one subspecies, Hyla aurea ranijormis, be retained
because it is probably specifically distinct. He considered that to recognize
the numerous other described subspecies was of doubtful value when so
little information was available about them. Since then, our investigations
in south-eastern Australia indicate that four other described subspecies,
and one undescribed population of comparable rank, may be recognized
as representing relatively advanced stages in the speciation process. I do
not consider the formal recognition of subspecies to be of any great
advantage, except in situations such as these where the distribution and
differentiation provide evidence of previous geographic isolation. Thus,
fifty-one taxa may be recognized as inhabiting, or occurring just outside,
this region and these are listed in Table 6:1.

PATTERNS OF DISTRIBUTION
Various schemes have been advanced for subdividing the Australian fauna
(see papers in Keast, Crocker and Christian, 1959), the scheme advanced
by Spencer (1896), and slightly modified by Serventy and Whittell
(1962), being perhaps, the most widely accepted. This arrangement
recognizes four subregions: (1) Bassian— coastal, cool temperate, rela
tively uniform rainfall; east and south-east of the Eastern Highlands and
south of the Clarence River; (2) Torresian—northern and eastern tropical
area north of the Clarence River with a summer maximum rainfall;
(3) Eyrean— all the drier inland portions of the continent, including the
north-west coast; (4) South-west— the humid south-western corner of
Western Australia which receives a reliable winter maximum rainfall.
Serventy and Whittell (1962) describe the south-west as ‘a district occu
pied by an intermingling of two faunas, the Eyrean and the Bassian’. The
approximate boundaries of these regions are depicted in Fig. 6:1. This
scheme, in its dynamic faunal sense, has been applied to some groups of
Australian amphibians by Main, Lee and Littlejohn (1958).
Moore (1961) criticized the earlier schemes for separating the Aus
tralian fauna into zoogeographical subregions and advanced a rather
demanding set of conditions which he considered should be met if
subregions were to be of any value. After examining the amphibian fauna
he decided that only the south-west of Western Australia was distinct
enough to be recognized as a definite subregion. But six general patterns
of distribution were advanced, although, with the exception of south
western Australia, these were not considered to be very clearly delimited.
At that time the south-eastern amphibian fauna, unlike that of the
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TABLE 6:1

Anuran amphibians occurring in south-eastern Australia and
their separation into faunal components

Southern temperate component
laevis (Günther)
riparia Littlejohn

C rinia

and

Martin
H y la

L im n o d y n a ste s

tasm aniensis (Günther)
victoriana Boulenger
b u rro w si Scott
ew in g i Dumeril and Bibron
m a c u la ta Spencer
verrea u xi alpina Fry
d orsalis insularis Parker
tasm a n iensis Günther

[southern call race]*
P hilo ria
P seu d o p h ryn e

^53

f r o s ti Spencer
corroboree Moore
d e n d yi Lucas
sem im a rm o ra ta Lucas

Eastern temperate component
A delotus
Crinia
H eleioporus
H y la

brevis (Günther)
hasw elli Fletcher
australiacus (Shaw)
aurea aurea (Lesson)
bicolor (Gray)
booroolongensis Moore
chloris Boulenger
citropa (Tschudi)
d en ta ta Keferstein
fr e y c in e ti (Tschudi)
jervisien sis Dumeril and

Bibron
lesueuri Dumeril and
phyllo ch ro a Günther
[Form A] ||
p hyllochroa Günther

Bibron

[Form ß ] 1 f

Wide-ranging component
C rinia
H y la

L im n o d y n a ste s

N eo b a tra ch u s
P seud o p h ryn e
U peroleia

sig n ifera Girard
a urea ranifo rm is

L echriodus
fle tc h e ri (Boulenger)
L im n o d yn a stes dorsalis g ra y i (Steindachner)
M ix o p h y e s
fa s c io latus Günther
[Form A]**
fa s c io latus Günther

[Form Z?]ft
P seudophryne australis (Gray)
(Keferstein)
U peroleia
m a rm o ra ta Gray
caerulea (White)
la to p a lm ata (Günther)
Southern Murray Basin component
p e ro n i (Tschudi)
p e ro n i (Dumeril and Bibron)
Crinia
parinsignifera Main
tasm a n iensis Günther
sloanei Littlejohn
[northern call race]f
L im n o d yn a stes dorsalis dum erili Peters
cen tra lis (Parker)
,,
interioris Fry
bib ro n i Günther
fle tc h e ri Boulenger
rugosa (Andersson)
N eobatrachus p ic tu s Peters
[Form A ]i
rugosa (Andersson)
[Form /?]§

* Characterized by a short, single pulsed mating call,
t Characterized by a mating call composed of two to five pulses,
t Characterized by a short, pulsed mating call.
§ Characterized by a long, unpulsed mating call.
|| Characterized by a mating call consisting of one or two long introductory notes
followed by a series of several shorter notes.
If Characterized by a short, pulsed mating call, regularly repeated.
** Characterized by an unpulsed mating call,
f t Characterized by a pulsed mating call.

south-western area, was not well known (except, perhaps, the Sydney
area). Distributional data were fragmentary and very few limits of ranges
determined with any certainty. A few sibling species had been detected
(all in Crinia), several species had been synonymized or were of uncertain
status, and only one subspecies remained. Since then we have attempted to
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obtain more accurate distributional data and to recognize all the major
genetically differentiated populations. With more information now avail
able, reconsideration of the south-eastern Australian amphibian distri
butional patterns seems reasonable. It may now be possible to recognize
another faunal subregion or, better still, a regional fauna in the dynamic
sense suggested by Serventy and Whittell (1962), for Moore (1961) did
not consider mobile faunas. Naming and delimiting regional faunas also
has practical advantages (Darlington, 1957), which are certainly worth
considering.
As a first stage in this analysis the amphibians of south-eastern Australia
have been separated into four categories. The first three are based on the
subregions of Spencer (1896) and the last is a ‘catch-all’ group (Table
6 : 1) .

1. Southern temperate component (Bassian). Species with typically
southern distributions and mainly occurring along the southern fringe of
the south-east and on the larger adjacent continental islands.
2. Eastern temperate component (Bassian and Torresian). Species with
ranges on the eastern coastal plain and in the eastern Eastern Highlands.
Some of these overlap with the southern temperate forms but have a
mainly eastern distribution.
3. Southern Murray basin component (Eyrean). Species with distributions
mainly west and north of the Eastern Highlands on plains and foothills and
along the south-western flowing rivers.
4. Wide-ranging component. In this category are placed all those forms
which are clearly distributed through at least two of the above areas or
which range well outside the south-east, and for which little information
is available.

1. Southern temperate component (all Bassian)
Fourteen taxa have been included in this group (Table 6 :1 ), some with
limited distributions and others wide ranging. Two species, Crinia tasmaniensis and Hyla burrowsi, are endemic to Tasmania (Littlejohn and
Martin, 1965b), and two others, H. maculata and Philoria frosti, to
Victoria. P. frosti is a frog known from only one locality, Mt Baw Baw
(Littlejohn, 1963b). The type specimen constituted the entire known
material for H. maculata until Copland (1961) obtained additional
specimens at two localities in the Eastern Highlands, thus confirming the
hitherto uncertain status of this species. Since then we have collected or
received further material from other places in the Highlands and it now
seems that this species has a reasonably wide distribution. C. riparia is
endemic to South Australia, where it occurs in the Flinders Ranges
(Littlejohn and Martin, 1965a), and possibly the Mount Lofty area.
Another species with a rather limited distribution is Pseudophyrne corroboree, which occurs in two apparently isolated populations at heights
above 1,200 m in the Brindabella Ranges (A.C.T. and N.S.W.) and
the Kosciusko region (Moore, 1961; and our unpublished observations).
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Morphologically distinct populations of H. verreauxi also occur above
about 1,200 m in the Brindabella Ranges and in the Eastern Highlands
as a series of isolates from Mt Kosciusko westwards to Lake Mountain
(central Victoria). These are referable to the subspecies alpina described
by Fry (1915), which should now be grouped with H. verreauxi rather
than with H. ewingi (Littlejohn, 1965 and unpublished observations).

C r in ia victoriana
Crinia laevis

Fig. 6:2 Geographic distributions
of Crinia laevis and C. victoriana
(based on Littlejohn and Martin,
1964, 1965b)

The remaining eight taxa have more extensive distributions on the
plains and lower elevations of the mountains, but their ranges are also
fragmented (Figs. 6:2-6). On the mainland C. victoriana, P. semimarmorata and Limnodynastes dorsalis insularis are divided by Port Phillip
Bay. C. laevis and C. victoriana occur as small isolates in the Grampians
of western Victoria (Littlejohn and Martin, 1964). The southern call race
of L. tasmaniensis has a mainly continuous distribution through southern
Victoria and south-eastern South Australia except for a small isolate in
the upper Goulburn River valley and the southern Monaro. P. dendyi has
a largely continuous distribution, but with a small isolate at the western
limit of its range near Tyers, Victoria. Another conspicuous pattern of
distribution fragmentation is seen between Tasmania, and either Flinders

Fig. 6:3

Geographic distributions of three allopatric species of the Pseudophryne
bibroni complex (based on Moore, 1961; Littlejohn and Martin, 1965b;
Littlejohn, unpublished observations). These species form narrow hybrid
zones wherever their ranges contact (Littlejohn, unpublished observations).

Fig. 6:4

Geographic distributions of four
dynastes dorsalis complex (based
unpublished observations). These
contact (Littlejohn, 1963a; Martin,

allopatric populations of the Limnoon Littlejohn and Martin, 1965b, and
forms hybridize wherever their ranges
unpublished observations).

Limnodynastes tosmaniensis

Fig. 6:5

Geographic distributions of two call races of the Limnodynastes tasmaniensis complex (based on Littlejohn, unpublished observations). These
populations undergo extensive introgression wherever their ranges contact
(Littlejohn, 1966).

Fig. 6:6

Geographic distributions of Hyla ewingi and H. verreauxi (based on
Littlejohn, 1965, and unpublished observations)
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or King Island, and the adjacent mainland. Five forms have this type of
distribution: C. laevis, H. ewingi, L. dorsalis insular is, L. tasmaniensis
(southern call race), and P. semimarmorata (Littlejohn and Martin,
1965b). H. ewingi is the most widely distributed southern species, reaching
Moss Vale in the north and Kangaroo Island in the west (Littlejohn,
1965 and unpublished). Both these terminal populations are discontinuous
from the main distribution.
This assemblage of species represents the extreme Bassian component
of the fauna and falls well within Moore’s (1961) south-east crescent
pattern. In general, the southern temperate amphibian fauna shows
marked fragmentation of ranges of individual components, reflecting a
once more extensive and continuous distribution. There is very little
extension of the fauna westward into South Australia or along the east
coast to the north of Bega. The areas of concentration of the southern
Bassian species of amphibians are summarized in Fig. 6:7.

2. Eastern temperate component (Bassian and Torresian)
Northern limits of several of the twenty species included in this category
(Table 6:1) are not known with any certainty. Six species appear to have
extensive north coastal distributions and represent the typical Torresian

Fig. 6:7

Areas of concentration of southern temperate species of amphibians (see
Table 6:1)
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element in the fauna: H. bicolor, H. citropa, H. chloris, H. lesueuri,
Lechriodus fletcheri and one species (probably form A) of the Mixophyes
fasciolatus complex (Moore, 1961). Five others, Adelotus brevis, H.
dentata, H. freycineti, H. phyllochroa (form A) and H. verreauxi extend
northwards into south-eastern Queensland, while H. aurea aurea almost
reaches the Queensland border (Moore, 1961; Littlejohn, unpublished
observations). H. booroolongensis occurs in the Dividing Range from
Armidale to the Blue Mountains (Moore, 1961). Four species have their
northern limits in the Sydney area: C. haswelli, Heleioporus australiacus,
H. jervisiensis and P. australis, the last species being endemic to the
Sydney region (Moore, 1961; Littlejohn, unpublished observations).
The most striking distributional pattern seen in the eastern temperate
component is one of progressive southern subtraction of the largely coastal
fauna, particularly from Sydney to Jervis Bay, a hundred miles south.
Three species, A . brevis, H. chloris, and Lechriodus fletcheri, reach
southwards, almost to the Sydney area (Moore, 1961; Littlejohn and
Martin, unpublished observations). Eight others, H. bicolor, H. booroolon
gensis, H. citropa, H. freycineti, H. phyllochroa (form B ), L. dorsalis grayi,
M. fasciolatus (form A ), and P. australis have ranges extending south of
Sydney with progressive subtraction to Jervis Bay (Moore, 1961; Little
john and Martin, unpublished observations). H. dentata and M. fasciolatus
(form B) drop out between Jervis Bay and Cann River (unpublished
observations), and four others between Cann River and Sale in Gippsland:
C. haswelli, H. aurea aurea, H. jervisiensis and Uperoleia marmorata
(Littlejohn, Martin and Rawlinson, 1963). Of the four remaining species,
H. australiacus reaches to just south of Walhalla (Littlejohn and Martin,
in press), H. phyllochroa (form A) to Walhalla (Copland, 1962), and
H. verreauxi to Melbourne, with isolates in the Brisbane Ranges and about
ten miles east of Ballarat (Littlejohn, 1965 and unpublished observations).
The main distribution of H. lesueuri extends to Ararat and there is also
an isolated population in the South Gippsland Highlands (unpublished
observations). Copland (1957) lists Horsham as a locality for H. lesueuri,
but we have not been able to find it in that area, nor in the Grampians.
This subtraction pattern is summarized in Fig. 6:8.
Spencer (1896) gave the Clarence River as the northern boundary for
the Bassian subregion. If one accepts this limit in very general terms and
includes all those species whose range is mainly south of this line, e.g.
A. brevis, H. dentata, H. freycineti, H. phyllochroa (form A) and
H. verreauxi, then twelve of these twenty species would be contained
within the Bassian subregion. These twelve, together with the fourteen
southern forms, would make up the Bassian amphibian fauna in the
broadest sense, but clearly, two well defined components are present:
southern and eastern. Nevertheless, while heterogeneous to this extent,
there still seem to be adequate reasons for recognizing a Bassian amphibian
fauna, since about 50 per cent of the south-eastern taxa are included
within it.
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Fig. 6:8

South-eastern coastal subtraction pattern (based on Moore, 1961;
Littlejohn, Martin and Rawlinson, 1963; Littlejohn and Martin, unpublished
observations). Southern or south-western limits for each species are
indicated by the numbered solid circles.
KEY TO SPECIES

1
2
3
4
5
6
7
8
9
10
11
12

Hyla lesuerui
Hyla verreauxi
Hyla phyllochroa (form A)
Pseudophryne dendyi
Heleioporus australiacus
Hyla peroni
Crinia haswelli
Hyla aurea aurea
Uperoleia marmorata
Hyla jervisiensis
Mixophyes fasciolatus (form B)
Hyla dentata

13
14
15
16
17
18
19
20
21
22
23
24

Limnodynastes dorsalis grayi
Hyla freycineti
Hyla phyllochroa (form B)
Hyla citropa
Pseudophryne australis
Hyla booroolongensis
Hyla bicolor
Hyla caerulea
Mixophyes fasciolatus (form A)
Adelotus brevis
Lechriodus fletcheri
Hyla chloris

3. Southern Murray basin component
One of these six taxa, Lymnodynastes fletcheri, is a typically riparian
species occurring along the larger south-western flowing rivers (Littlejohn,
1966). Two other species, Neobatrachus pictus and L. dorsalis interioris
(sensu Fry, 1913), while wide ranging within the area, tend to avoid the
permanent river systems for their breeding (unpublished observations).
The remaining three forms, C. parinsignifera, C. sloanei and L.d. dumerili,
occur on the plains, foothills, and rivers in the eastern part of the basin
(Littlejohn and Martin, unpublished). Farther west, in the inhospitable
mallee areas, C. parinsignifera and L.d. dumerili, together with three wideranging forms, H. aurea raniformis, H. peroni, and L. tasmaniensis
(northern call race), are restricted to the Murray Valley (Littlejohn,
1966).

AMPHIBIAN ZOOGEOGRAPHY AND SPECIATION

161

The role of the western-flowing rivers in controlling distribution is the
most striking feature of this pattern. The amphibian fauna of south
eastern South Australia seems to have been enriched by a spread of these
species down the Murray River.
Three species appear to be restricted to the Murray Valley in South
Australia; C. parinsignifera extends down the river to Blanchetown (Main,
1957a; Littlejohn, 1966), and two others, H. peroni (Copland, 1957)
and L. fletcheri (Littlejohn, 1966) extend to Murray Bridge. Three other
taxa, while confined to the Murray Valley in the mallee area, spread out
again in the moister regions adjacent to the lower Murray River: H. aurea
ranijormis, L. dorsalis, and the northern call race of L. tasmaniensis (Figs.
6:4, 5, and 9).

4. Wide-ranging component
Ten taxa are difficult to categorize because of their extensive distributions
and ecological latitude. Five species, H. caerulea, H. latopalmata, L.
tasmaniensis (northern call race), F. bibroni and U. rugosa (form B),
range widely on the western plains and rivers, but also penetrate to the

Hy la a urea

c om pl ex

raniform n

p r o b a b l e z o n e of o v e r l a p

Fig. 6:9

M

Geographic distributions of Hyla aurea aurea and H. aurea raniformis
(based on Moore, 1961; Littlejohn, Martin and Rawlinson, 1963; Littlejohn,
unpublished observations). Data for this map are less complete than for
the other distributions.
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coastal plains from about Sydney northwards (Moore, 1961; Littlejohn,
unpublished). H. caerulea also reaches central, northern, and north-western
Australia (Moore, 1961). H. peroni has a quite remarkable distribution,
extending through north, east, and south-eastern coastal regions, then
inland along the larger western-flowing rivers and down the Murray River
to Lake Alexandrina; it also occurs along the Goulbum River to Seymour
(Moore, 1961; Littlejohn, Martin and Rawlinson, 1963; Littlejohn, 1966
and unpublished). Neobatrachus centralis is a true Centralian species
{sensu Moore, 1961), its range extending across southern Australia from
western Victoria to Western Australia (Main et al., 1958; Littlejohn,
1966).
C. signifera (sensu stricto) is extensively distributed through coastal
eastern and southern Australia from at least Brisbane (we have no call
records north of there) south and west to an isolate on the Eyre Peninsula.
It is also common in the Eastern Highlands at all altitudes and extends
through the Southern Murray Basin as far west as Nyah and Keith (Little
john, 1966; Main, 1957). Isolates also occur on Tasmania, Flinders Island,
King Island, and Kangaroo Island (Littlejohn, 1964 and unpublished;
Littlejohn and Martin, 1965b).
H. aurea raniformis also has an extensive distribution (Fig. 6:9) from
the Murray Basin south through the western Eastern Highlands to southern
Victoria, and also along the Murray River into South Australia (Littlejohn,
1966). It is also a common island species and has been recorded from
Tasmania, Flinders Island, and King Island (Littlejohn and Martin,
1965b).
L. peroni is another widely distributed species with a coastal distribution
through eastern and south-eastern Australia and isolates on King Island
(Littlejohn and Martin, 1965b) and Tasmania (Moore, 1961).
Very little is known about the distribution of U. rugosa (form A). In
the southern Murray Basin this species breeds on the plains and avoids the
main drainage systems—a conclusion supported by our few observations
from more northern localities.

MONTANE FAUNA
The coldest and highest parts of Australia are included in the south-eastern
area and it is perhaps of interest to determine whether a definite montane
fauna exists. As already indicated, three forms, H. verreauxi alpina, P.
frosti, and P. corroboree, appear to be restricted to alpine and subalpine
areas (above 1,200 m). These are considered to represent the true
montane amphibians. But a number of more wide-ranging species also
extend into alpine areas to varying heights. C. signifera occurs throughout
the Eastern Highlands, reaching heights above 1,800 m wherever suitable
breeding sites are available. P. dendyi has been collected as high as 1,500
m in south-eastern New South Wales and eastern Victoria (unpublished
observations), while C. victoriana may range above 1,400 m in central
Victoria (Littlejohn and Martin, 1964). In more open country, L. dorsalis
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dumerili and L. peroni reach 1,300 m in eastern Victoria (Martin, per
sonal communication). C. signifera, C. tasmaniensis, and H. ewingi have
been collected above 900 m in central Tasmania; while C. tasmaniensis is
the only species found above 1,200 m on Mount Wellington (Hickman,
1960; Littlejohn, unpublished).

RELATIONSHIP BEWEEN SOUTH-EASTERN
AND SOUTH-WESTERN AMPHIBIAN FAUNAS
Of the twenty-five species which are known to occur in south-western
Australia (Main, 1954, 1957a, 1957b, 1963, 1965; Lee and Main, 1954;
Littlejohn, 1957), eight have closely related partners in the south-east, of
which two are Bassian, four Eyrean, and two wide ranging (Table 6:2).
In addition, several other south-western species show an indirect relation
ship with the south-eastern fauna, perhaps representing earlier levels of
divergence (M aine? al., 1958).
TABLE 6 :2 Closely related (cognate) south-eastern and south-western
anuran species pairs
South-eastern

South-western

Crinia parinsignifera
C. signifera
C. victoriana
Heleioporus australiacus
Hyla aurea raniformis
Limnodynastes dorsalist
Neobatrachus pictus
Pseudophryne bibroni

C. subinsignifera Littlejohn
C. glauerti Loveridge
C. leai Fletcher
H. australiacus*
H. moorei Copland
L.d. dorsalis (Gray)
N. pelobatoides (Werner)
P. occidentals Parker

Reference
Main et al. (1958)
Littlejohn (unpublished)
Main et al. (1958)
Littlejohn (unpublished)
Main et al. (1958)
Littlejohn (unpublished)

* Considered to be specifically distinct from eastern australiacus (Lee, personal com
munication).
t Difficult to determine relationships on present evidence, but probably L.d. dumerili
(Martin, personal communication).

PLEISTOCENE CLIMATIC AND EUSTATIC
CHANGES AND THEIR INFLUENCE
ON FAUNAL DISTRIBUTIONS
The climatic and eustatic changes which occurred during the last glacial
period of the Pleistocene epoch (Wisconsin, Würm) and in the post-glacial
phase (Holocene) have now been worked out in general terms for the
northern hemisphere higher latitudes (e.g., Schwartzbach, 1963). Increased
attention is also being directed towards equatorial regions and middle
latitudes of both hemispheres where pluvial (sensu Flint, 1963) rather than
glacial conditions may have prevailed (Flint, 1963; Malde, 1964; Martin,
1963; Moreau, 1963). It now seems well established that northern and
southern hemisphere climatic changes were contemporaneous and in the
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same direction, at least within the range of Cu dating (Suggate, 1958;
Gage, 1961; Moreau, 1963; Zinderen Bakker, 1964).
During the last glacial period world surface temperatures were lower
than at present by 5-7°C. in middle latitudes (Emiliani, 1958, 1964; Flint,
1963; Moreau, 1963; Schwartzbach, 1963; Ericson, Ewing and Wohin,
1964.) This temperature change was associated with expansion of polar ice
caps and continental ice sheets, lowered snowlines, and pluvial conditions in
middle latitudes. As the polar ice caps expanded the major wind zones of
the planet were displaced and compressed towards the equator perhaps as
much as 9° in middle latitudes (Willett, 1953; Budel, 1959; Schwartzbach,
1963) . These zonal migrations had a marked influence on regional climates.
As much of the surface water was incorporated into ice, the world sea level
fell by about 100 m (Fairbridge, 1962) with the consequent modifications
of coastlines and the linking of many continental islands to their adjacent
mainlands.
Recent isotopic age and temperature determinations have enabled the
absolute chronology of the Pleistocene to be extended back to about
320,000 years before the present (Ericson et al., 1964; Ku and Broecker,
1966) and into the classical penultimate glaciation (Illinoian or Riss).
These investigations have also shown that there were two distinct glacial
phases within the Wisconsin or Würm and that there was a return to inter
glacial temperatures from about 107,000 to 75,000 years ago. The world
sea level presumably recovered at that time (Newell, 1965). Paleotemperature estimations also indicate that earlier interglacial temperatures were not
very different from those prevailing today (Emiliani, 1958; Ericson et al,
1964) .
About 18,000 years ago the ice sheets began melting and the sea level
rose. Between 14,000 and 6,000 years ago the rate of recovery of the
world sea level was about one metre per century (Godwin, Suggate and
Willis, 1958). Since 6,000 years ago there have been minor fluctuations,
but the present sea level appears to have been reached about that time.
Ocean temperatures began rising about 12,000 years ago (Ericson et al.,
1964), when interglacial conditions were beginning to develop.
During the period 4,000-6,000 years ago conditions were slightly warmer
than at present (Hypsithermal or Altithermal), with ocean temperatures
about 1°C. higher and sea levels perhaps raised by three metres (Fairbridge, 1962). But it is not clear whether total precipitation was reduced
in middle latitudes or whether seasonal regimes were altered while the
annual figures remained the same (Malde, 1964; Martin, 1963).
For present purposes, interest centres on the late Pleistocene and Holo
cene climatic and eustatic changes in southern Australia, a middle latitude
situation where glaciation was very limited (Browne, 1957; Jennings and
Banks, 1958; Galloway, 1963). Very little direct information is available
on the Pleistocene climatic changes in Australia, so that it is necessary to
extrapolate partly from other southern continents and mainly from the
northern hemisphere. This outline is also based on the earlier accounts of
Keble (1947), Condon (1954), Gill (1961), Littlejohn (1961a), Mac-
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kerras (1962), and Browne (1963). At present it seems unwise to accept
the controversial conclusion of Galloway (1965) that, during the last glacial
period, the precipitation in south-eastern Australia was reduced to about
one-half or two-thirds of the present mean values. His estimation is based
on several levels of extrapolation and is thus somewhat speculative. In
addition, such a drastic reduction in precipitation as Galloway proposes is
irreconcilable with available biogeographic data. It is also interesting to
note that Ward (1965) considers that climatic conditions in the Adelaide
area were mild and humid during the last glacial period.
As the Antarctic ice cap expanded, the zone of westerlies was displaced
towards the equator by some 500-800 km and had a more marked
influence on the climate of southern Australia than at present, by bringing
increased winter rains. This, coupled with the general mid-latitude cooling
of about 5-7°C., resulted in increased and more effective rainfall and
greater cloudiness, especially along the southern coast. The slight accentu
ation of topography by the 100 metre lowering of the sea level might also
have influenced the windward coastal regions in a similar way by increasing
cloudiness and precipitation. The lowered sea levels resulted in extensive
coastal plains developing and, together with the linking of Tasmania and
the Bass Strait islands to the adjacent mainland, led to the development of
an extensive southward-jutting peninsula. This Bassian peninsula may, in
turn, have influenced local climates by blocking movements of water masses
and by continental rain shadowing of the eastern border during winter.
With the return to interglacial conditions the zone of westerlies moved
south again and the sea level began rising. Bass Strait was flooded about
12.000 years ago (Littlejohn and Martin, 1964) and the present coastal
configuration had developed by about 6,000 years ago with the stabilizing
of world sea levels.
Arguments, based on indirect and rather ambiguous evidence, have been
advanced that a great ‘Arid Period’ developed in Australia about 4,0006.000 years ago (Crocker and Wood, 1947; Fairbridge, 1953; Gill, 1955),
but this idea does not appear to be supported by southern biogeography
(Condon, 1954; Gross, 1955; Lundelius, 1960). It still seems reasonable
to favour the more conservative hypothesis that Holocene climates of
southern Australia were never much drier than at present, although they
may have been slightly warmer. This latter suggestion is more in accord
ance with recent work in middle and lower latitude situations elsewhere.
How would these climatic cycles have affected the amphibian distribu
tions as we presently know them? During a glacial period a cooler, moister
climate, coupled with a continuous land mass, would have allowed the
southern Bassian fauna to expand, particularly in a westerly direction, so
that a continuous and extensive area was occupied. The isolates in the
Grampians, the eastern Dividing Range, and on Kangaroo Island give an
indication of this expansion. Lowered snowlines (300 m + ) displaced the
subalpine zone and this resulted in a more continuous habitat for montane
forms, e.g., H. verreauxi alpina and P. corroboree. At the same time, the
lower prevailing temperatures probably caused a northward withdrawal of
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many of the east coastal and Murray Basin species. The Eastern Highlands
would have been a more effective barrier to lowland forms in the east and
south-east. The higher precipitation on the catchment areas would have
rejuvenated the westward-flowing river systems, but there are no indications
that northern forms moved down them, probably because of the lower
temperatures. At this time some south-eastern species migrated westwards
across a cool, moist coastal plain corridor south of the Nullarbor Plain into
south-western Australia (Main et al., 1958).
As interglacial conditions developed and the sea level rose, the southern
Bassian fauna withdrew into the south or to higher elevations and assumed
its present fragmented pattern. The rising sea cut off the various island
populations, and the present coastal configuration developed. It is interest
ing to note that at the time of separation of Kangaroo Island (about
10,000 years ago) the present Eyrean fauna was already on the southern
coast at Cape Jervis. With rising temperatures the east coastal species began
to penetrate to the south then west along the coast or mountains, depending
on their ecological requirements. At the same time the Eyrean species
began moving southwards and some of these have reached the western
side of Port Phillip Bay (L.d. dumerili, N. pictus, and P. bibroni) along a
tract of dry country. The rising temperatures also allowed warm-adapted
riparian species to move downstream and along the lower Murray River for
various distances and through the Mallee barrier. Some of the ecologically
more versatile forms were then able to spread out into the moist Adelaide
and Mount Lofty area. Thus, eastern and northern intrusive elements have
come into contact with parts of the fragmented southern Bassian fauna.
This has resulted in a series of interactions which is still developing.

SPECIATION PATTERNS
With this zoogeographic and paleoclimatological background we may now
look for possible speciation patterns in the south-eastern Australian
Amphibia. Speciation, as it is applied here, refers to all stages in the process
from initially detectable divergence through to complete reproductive isola
tion. Discussion will be restricted to the southern fauna, since it is the best
known.
Patterns of speciation may be conveniently examined at two levels:
divergence following post-glacial fragmentation of ranges; and differentia
tion initiated in earlier glacial and interglacial phases.

Divergence following post-glacial fragmentation of ranges
South-eastern Australian isolates
The recovering sea level isolated Tasmania and the Bass Strait islands
from Victoria about 12,000 years ago and from each other about 9,00011,000 years ago (Littlejohn and Martin, 1965b). The climate became
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progressively warmer and drier at the same time, so that mainland distribu
tions were also soon fragmented. Distributions of nine southern-ranging
forms were disrupted by these changes in climate and sea level (Figs.
6:2-6, 9). Disjunct populations of four of these species have already been
examined in some detail for differences in mating call structure (one
measure of potential reproductive isolation) and morphology: C. laevis and
C. victoriana (Littlejohn and Martin, 1964), C. signifera (Littlejohn,
1964) and H. ewingi (Littlejohn, 1965). Populations of five other species
have received preliminary consideration: H. aurea raniformis, L. dorsalis
insularis, L. peroni, L. tasmaniensis (southern call race), and P. semimarmorata (Littlejohn and Martin, 1965b).
Slight but statistically significant differences in mating call structure were
evident in geographically isolated populations of C. signifera and H. ewingi,
and slight differences in morphology and call in isolated populations of
C. laevis and C. victoriana. The other species have not been examined in
the same detail, but preliminary analysis indicates that divergence, where
present, is no more marked in the populations of Crinia and Hyla. Never
theless, the presence of even a slight degree of divergence is interesting,
since the paleoclimatological evidence suggests that the populations have
been isolated for only about 12,000 years. The possibility that some of
these differences arose clinally during the earlier period of continuous
distribution cannot be entirely ruled out; but the trend of the call differ
ences in C. signifera and H. ewingi does not give very strong support to
this possibility.
South-eastern and south-western isolates (cognate species pairs)
In contrast to the preceding examples these populations show greater
morphological and call divergence, presumably at the full species level
(Table 6:2). Some detailed assessments of potential reproductive isolation
have already been made, but most cases have yet to be analysed. Genetic
compatibility has been tested in only one pair, the morphologically distinct
species C. glauerti and C. signifera (Main, 1957a). In vitro crosses C.
signifera X C. glauerti produce a high proportion of abnormal embryos,
while crosses of the reciprocal combination result in apparently normal
larvae. This one-way incompatibility is normally indicative of considerable
genetic differentiation. Mating call structure has been compared in the
cognate species pairs C. signifera and C. glauerti, and the morphologically
similar C. parinsignifera and C. subinsignifera (Littlejohn, 1959). Marked
differences were present in the calls of the former pair, and less pronounced,
but statistically significant, differences in the latter pair. Morphology and
call structure of the remaining pairs have also been compared, but only at
a qualitative level (unpublished observations). These observations support
the indications gained from those species examined in detail, namely that,
in general, a much greater degree of divergence is seen in the east-west
isolates than between the south-eastern conspecific isolates.
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If we follow Main et al. (1958) and assume that the south-eastern and
south-western pairs were also continuous during the last glacial period,
how may these differences in levels of divergence in the two areas be
accounted for? Three possible explanations may be suggested: (a) a
greater distance is involved (about 3,000 km against 300), so that
marked dines may have developed during the time of continuous distribu
tion; (b) the southern coastal corridor may have been broken much earlier
in the phase of climatic and eustatic change than was the Bassian corridor,
so that south-western populations may have been isolated for a greater
time; (c) whereas the south-eastern conspecific Bassian isolates experience
a comparatively similar temperate climate with rain at all seasons, the
south-western populations have had to adapt to a markedly Mediterranean
climate in which there is a very dry summer. These three factors probably
all contributed to the greater differentiation of the eastern and western
species pairs compared with the south-eastern conspecific populations.

Differentiation initiated in earlier
glacial and interglacial phases
Moore (1954) has suggested that C. tasmaniensis represents an earlier
migration of C. signifera stock into Tasmania during one glacial period
which subsequently differentiated during isolation by Bass Strait in the
next interglacial. Then C. signifera reached Tasmania over the Bassian
corridor during the last glacial period, and as speciation had been com
pleted during the intervening time the two species remained distinct over
a wide zone of sympatry. Keast (1961) cites two other examples of this
double migration pattern in Tasmanian birds. Our subsequent investigations
of the Tasmanian amphibian fauna indicated that C. tasmaniensis and C.
signifera represent the only closely related anuran species pair on the island
and that a multiple migration pattern was not a general one in Bassian
frogs.
However, seven pairs of closely related taxa (Table 6:3) occur on the
adjacent mainland and have overlapping or contiguous ranges (Figs. 6:2-6,
9). Thus, there is a natural testing-ground for the level of speciation
reached in each case. The interactions range from full speciation through
limited hybridization to extensive introgression (Table 6:3). The distribu
tions and sympatric interactions of two pairs have already been described:
C. laevis and C. victoriana (Littlejohn and Martin, 1964), and H. ewingi
and H. verreauxi (Littlejohn, 1965); detailed accounts of the other inter
actions will be presented later.
How may we explain the differentiation seen in these closely related
forms? The Eastern Highlands have been suggested as a suitable geographic
barrier to allow differentiation of Bassian and Eyrean species pairs in birds
(Serventy, 1953; Serventy and Whittell, 1962) and frogs (Main et al.,
1958); but many of these patterns appear to have developed near the
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south-western limit of the Eastern Highlands where it is very low and dis
sected. It seems difficult to visualize this topographical feature as an effec
tive barrier near its western extreme, even during the climatic conditions
of a glacial period. But this is not meant to imply that the Eastern High
lands did not act as a geographical barrier in the east and south-east where
it reaches greater development.
The evolution of the closely related forms H. aurea aurea and H.a.
raniformis may well be explained as resulting from a dichotomy on either
side of the Eastern Highlands during a glacial/pluvial phase, followed by a
post-glacial expansion of ranges through previously unoccupied territory.
Differentiation of P. dendyi from P. bibroni stock might also be explained
by the isolating effects of the Eastern Highlands during glacial times.
But the absolute effectiveness of Bass Strait as a geographical barrier
seems a more reasonable one to favour for the other populations. The
pattern of reversed migration suggested by Littlejohn and Martin (1964)
for C. laevis and C. victoriana, i.e. the evolution of C. laevis from C.
victoriana stock, could well apply to the other four pairs of populations in
explaining the origin of the Bassian forms.
The possible sequence of events, based on the account for C. laevis and
C. victoriana but framed in more general terms, and now restricted to the
Wisconsin age (chronology based on Ku and Broecker, 1966), might be
as follow’s:
(a) The lowered sea levels of the penultimate glaciation (about 300,000
years ago) allowed the ancestral species to enter Tasmania.
(b) With the development of interglacial conditions (about 130,000 years
ago) the sea level recovered and Bass Strait was flooded, isolating the
island and mainland populations.
(c) During this period of isolation the two populations diverged.
(d) As the last glacial period developed (Würm) and the sea level fell
once more (about 75,000-100,000 years ago), the land bridge between
Tasmania and Victoria was re-established.
(e) The now differentiated and more cold-adapted Tasmanian populations
migrated back into Victoria where they came into contact with their
respective cognate partners. During this time the southern Bassian forms
were more extensively distributed, as is indicated by the numerous
presently isolated mainland populations.
(f) With the arrival of the current interglacial conditions (Holocene)
about 16,000 years ago the sea level rose once more, isolating the Tas
manian, Flinders Island, and King Island populations. On the mainland,
the drying and warming of the climate resulted in fragmentation of ranges,
southward compression of distributions, and increased contact and inter
action with the advancing northern partners.
If this explanation and its assumed contemporaneity are correct, then
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the period of time from the penultimate to the last glacial period was
adequate for differentiation ranging from subspecies to full species. This
length of time would probably represent about the minimal amount for full
speciation under these conditions. No absolute dates are available but
estimates put this period at about 30,000 years (Ericson et al., 1964; Ku
and Broecker, 1966).

SUMMARY
1. Distribution patterns of fifty-one forms of south-eastern Australian
anuran amphibians were reviewed to determine whether distinct regional
faunas could be recognized. The results suggest that a definite peripheral
south-eastern element exists to which about 50 per cent of the taxa may be
assigned. This element is included within Spencer’s (1896) Bassian subregion and represents the Bassian amphibian fauna.
2. The effects of late Pleistocene and Holocene climatic and eustatic
changes were reviewed and their possible influence on the south-eastern
amphibian zoogeography described.
3. Anuran speciation patterns were discussed and it was concluded that,
as in other groups, the Eastern Highlands and Bass Strait were the main
geographic barriers which allowed allopatric differentiation. While some
divergence may be accounted for by the action of the former barrier (two
pairs), most may be attributed to the latter (five pairs).
4. In contrast to south-western Australian amphibian speciation, polarized
multiple migrations do not seem to have been important (only one case
found). Rather, a pattern of initial migration into Tasmania during glacial
conditions, differentiation while isolated by the flooding of Bass Strait,
and subsequent re-invasion of the mainland by the differentiated Tasmanian
populations during the next glacial period may account for most of the
southern speciation.
5. Recent dating of the Pleistocene climatic changes, coupled with the
above proposed speciation patterns, were used to obtain estimates of rates
of speciation.
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7
Australian Anuran Life Histories:
Some Evolutionary and
Ecological Aspects
A. A. Martin
INTRODUCTION
It has long been realized that a great many anurans do not have the
‘typical frog’ life history pattern involving aquatic eggs and larvae; and a
variety of deviations from this pattern have been recorded (see, for
TABLE 7 :1

Synopsis of breeding biology of Australian anurans
Eggs not in foamy masses
Eggs in
water
aquatic
larvae

Eggs on
land
aquatic
larvae

Eggs and
larvae
on land

Eggs in foamy masses
Eggs in
water
aquatic
larvae

Eggs on
land
aquatic
larvae

Eggs and
larvae
on land

Hylidae
18

H y la

Leptodactylidae
Cycloraninae
C yclorana
N eo b a tra ch u s
N o ta d en
M ix o p h y e s
A d elo tu s
L ech rio d u s
L im n o d yn a stes
H eleio p o ru s
K yarranus
P hiloria

2
5
I
1
1
1
6
6
2
1

Myobatrachinae
G lauert ia
Uperoleia
Crinia
P seudophryne
M eta crin ia
M yo b a tra ch u s

Total

1
1
8

2

4
7

1
1
36

12

4
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8

6

3
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example, Jameson, 1957; Lynn, 1961). While a number of Australian
species are known to have specialized life histories, there has been no
comprehensive attempt to collate and analyse these. It may, therefore, be
of interest to summarize what is known of Australian anuran life histories,
and at the same time to suggest some evolutionary and ecological trends
that emerge from the synopsis.
Four families of anurans are represented in Australia by over a hundred
species. All but five of these are included in the two familes Hylidae and
Leptodactylidae, and the discussion is restricted to these two groups. Details
of life histories are known for only a few, but the major features of develop
ment have been recorded for about 70 per cent of the species. Thus it is
probable that all the main modes of life history of Australian frogs have
been described in greater or less detail. General papers on the types of
development are those of Fletcher (1889), Harrison (1922), and Main,
Littlejohn and Lee (1959), but most of the other data are scattered. Table
7:1 is an attempted synopsis of the various modes of life history occurring
in Australian frogs. The numbers of species listed in each genus are not
complete, since for many the life history is unknown. The sources from
which data for Table 7:1 are drawn are cited in the discussions of the
individual genera. The division of the Leptodactylidae into subfamilies is
that of Parker (1940).
A number of interesting features emerge from a study of Table 7:1:
(i) All the Hylidae whose life histories are known have retained the
primitive pattern of development (eggs laid in water; typical tadpoles and
metamorphosis).
(ii) The foamy egg-mass is restricted to the leptodactylid subfamily
Cycloraninae, and occurs in six of the ten genera in the subfamily.
(iii) The life cycles of four of the six genera in the Myobatrachinae are, to
varying degrees, independent of open water.

FAMILY HYLIDAE
All the hylid spawn observed by Fletcher (1889) was in the form of either
‘white, frothy-looking, more or less circular floating patches’, or ‘small,
submerged bunches of ova enclosed in clear transparent jelly attached to
blades of grass or reeds’. In the first category he placed Hyla aurea, and in
the second H. ewingi and H. phyllochroa. These observations remain
essentially correct, except that hylid spawn, while it may float, is never
frothy. The spawn of H. aurea is in the form of mats on the surface, which
soon sink (Littlejohn, 1963a). H. caerulea (Harrison, 1922) and H.
latopalmata also have this type of spawn. Fletcher’s second category, as
well as H. ewingi and H. phyllochroa, also includes H. dentata (Harrison,
1922), H. verreauxi (Littlejohn, 1963a), H. jervisiensis (Martin and
Littlejohn, 1966), and H. bicolor. Waite (1929) provides a good
illustration of H. ewingi spawn.
Orton (1953) noted the existence of an adaptive radiation in tadpoles,
and listed seven basic ecological types. Most of the Australian hylid tad-
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poles that have been described are of the generalized central type, e.g.,
H. rubella (Spencer, 1896, with an illustration), or the high-finned, actively
swimming, nektonic type, e.g., H. aurea and H. ewingi (Martin, 1965, with
illustrations) and H. infrafrenata (Nieden, 1923). However a number of
hylid species habitually breed in fast-flowing streams, and at least one of
these, H. lesueuri (Fig. 7:1 A ), has a mountain-stream type of larva
(Orton, 1953). This is characterized by a flattened body, well developed
tail musculature but narrow fins, and a large mouth with numerous labial
papillae, forming a suction cup (Fig. 7:2A ). Other species utilizing this
breeding habitat, but whose larvae have not been described in detail, are
H. booroolongensis (Moore, 1961) and H. pearsoniana (Copland, 1960).
A

I

5mm

B

FiS- 7:1

Mountain-stream tadpoles. A. Hyla lesueuri (Hylidae); B. Mixophyes
fasciolatus (Leptodactylidae).

Goin and Goin (1962) note that amphibians breeding in mountain streams
often lay their eggs on land. However the oviposition sites of the Australian
mountain-stream hylids are unknown, except for H. pearsoniana, whose
egg-masses are ‘on rocks in stream’ (Copland, 1960). It remains to be
seen how the other species have adapted their oviposition habits to the lotic
environment.
Two hylid species, H. rubella and H. caerulea (as H. gilleni) have been
recorded from desert areas (Spencer, 1896). While both are apparently
restricted to relatively permanent water, there is some evidence that H.
rubella may have a larval life-span of as little as seven days (Lee, personal
communication). Tihen (1960) and Slater and Main (1963) have pointed
out that aquatic embryonic and larval development are characteristic of
successful desert-inhabiting frogs.
In summary, Australian hylid life histories are all of the primitive type,
and such special devices as the mud nests, arboreal foam nests, and
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‘marsupial’ habits seen in South American hylids (Breder, 1946; Lutz,
1948) are not represented.

FAMILY LEPTODACTYLIDAE
In contrast to the constancy of breeding patterns shown by the hylids, the
leptodactylids exhibit a wide range of habits. Within each subfamily there
is evidence of a progressive withdrawal of development from water.

Subfamily Cycloraninae
Three major modes of life history occur in this subfamily:
(i) Non-foamy egg-masses and larvae in water.
(ii) Non-foamy egg-masses on land, larvae in water.
(iii) Foamy egg-masses in water or on land.
(i) The first group includes three genera: Cyclorana (Main, Littlejohn
and Lee, 1959), Neobatrachus (Main et al., 1959; Littlejohn, 1963a;
Martin, 1965), and Notaden (Main et al, 1959; Slater and Main, 1963).
All three include species which inhabit arid areas, where, as already men
tioned, the primitive life history pattern is apparently the most successful.
(ii) A single species, Mixophyes fasciolatus, is characterized, at least in
some situations, by terrestrial oviposition of non-foamy egg-masses and
subsequent aquatic larval life. Breeding occurs along fast-flowing streams,
and the tadpole is of the mountain-stream type (Figs. 7 :IB, 2B). Male
frogs call from depressions in leaf litter up to three metres from the water’s
edge. Amplexing pairs have been observed in similar sites and also in the
water or on rocks near the water. Egg-masses have been collected in litter
on the bank of a dry gully which becomes flooded after rain (Straughan,
personal communication). No information is available on the length of
time for which the eggs can remain viable in such sites prior to flooding.
(iii) Foamy egg-masses, which float if placed in water, are characteristic
of six genera (Table 7 :1). In five of these, Adelotus, Lechriodus, Limnodynastes, Kyarranus, and Philoria, breeding females have flanges on one
or more of the fingers (Fig. 7 :3 ). Parker (1940) has described the process
of oviposition in Limnodynastes tasmaniensis:
The foam ‘nest’ is produced by the female paddling with her forelimbs
at the surface of the water before and during the act of oviposition.
This action, rendered more efficient by the dilated fingers of this sex,
causes a stream of bubbles to pass backwards under the bodies of the
frogs; these accumulate in the cloacal region where they become
entangled in the mucus which precedes and accompanies the extrusion
of the eggs.
The process is very similar in L. dorsalis (Littlejohn and Martin, unpub
lished), and may well be the basic pattern of oviposition in all the species
whose females have flanged fingers. In the remaining genus, Heleioporus,
the females do not have flanged fingers, but the method of formation of
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5 mm
Fig. 7:3

Right hands of breeding females, showing flanges on fingers, of A. Philoria
frosti; B. Limnodynastes dorsalis

the foam is unknown, because it is virtually impossible to observe oviposition in this genus (Lee, unpublished).
A striking feature of the foamy egg-mass is its adaptability to a number
of diverse ecological situations. Breeding occurs in still water (A delotus
brevis, Lechriodus fletcheri, Limnodynastes tasmaniensis, L. peroni, L.
fletcheri, L. dorsalis) or running water (A. brevis, L. fletcheri, L. dorsalis).
In these species the egg-masses are usually in fairly open positions or con
cealed under logs or among emergent vegetation (or, rarely, in burrows).
It is noteworthy that the two species in this group with unpigmented eggs,
A. brevis (Moore, 1961) and southern Victorian L. peroni (Littlejohn,
1963a), usually place their egg-masses in the most concealed and shaded
sites (the former under logs, rocks, or tussocks, and the latter amongst
dense vegetation). Moore (1961) reports seeing L. peroni egg-masses in
which exposure to the sun had dried out the top part of the mass, thus
killing many of the embryos. It may be significant that none of the above
species has been recorded from true desert areas, where cover around
ponds is often scarce and the danger of desiccation of a floating egg-mass
thus high.
The remaining forms with foamy egg-masses all lay unpigmented eggs
in burrows or ‘nests’ out of water. The five Western Australian species of
Heleioporus all construct breeding burrows in ephemeral swamps and
water-courses before they fill, or occasionally at the edges of permanent
water (Lee, unpublished). The larvae hatch when the burrows become
flooded, and then have a normal aquatic life of up to five months (ibid.).
Hatching can be delayed for as long as seven weeks in H. eyrei (Dakin,
1920, as H. albopunctatus, misidentification pointed out by Lee, personal
communication) if the burrows do not become flooded.
Kyarranus (Moore, 1958, 1961) and Philoria (Littlejohn, 1963b) are
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restricted to humid montane habitats and the former, at least, lacks a freeswimming larval stage. Oviposition occurs in depressions in moist earth
( K . loveridgei) or in saturated or partially flooded sphagnum (K . sphagnicolus and P. frosti). In Kyarranus the larvae hatch from their individual
capsules but do not feed, and complete their metamorphosis in the jelly
formed by the breaking down of the egg-mass. Philoria larvae likewise do
not feed, but they are free-swimming when reared in the laboratory. In
natural conditions, however, it is doubtful whether there is a free-living
aquatic larval stage (Littlejohn, 1963b; Martin, unpublished).
TABLE 7 :2 Characteristics of foamy egg-masses
Mean body
Mean total Stage at
length of Approximate Mean egg length of hatching
adult $
number of
diameter hatchlings (Limbaugh
(mm)
eggs
(mm)
(mm)
and
Volpe,
1957)
L im n odyn astes tasm aniensis
L . d o rsalis dum erili
A d elo tu s brevis
L echriodus fletch eri
H eleioporus albopun ctatu s
H . e yrei
P hiloria f r o s ti

* Data
t Data
J Data
§ Data

39 -4*
61 -5*
33 -5f
46 -8t
73 -3J
54 -0+
49 -2*

1,100
3,900
270
300
480J
265 J
95*

1 -47
1 -70
1 -70
1 -70f
2 -784
3 -28$
3 -90*

5-70
6-72
7-35
7 -64
14-29

21
21
25
23
25 §
30

from Littlejohn (1963a and 1963b).
from Moore (1961).
for one population of each species from Lee (unpublished).
derived from drawing by Dakin (1920).

From a consideration of the data presented in Table 7:2, together with
a knowledge of the oviposition sites of the species, it is suggested that
two closely correlated evolutionary trends may be present: the evolution
of large, yolky eggs, and progressive withdrawal of development from
wrater. In a sense, development occurring above the water-line in a foamy
egg-mass is already showing some independence from water, and the degree
of development which occurs within the egg-mass varies considerably. Thus
L. tasmaniensis and L. dorsalis, with the largest numbers of eggs, have
relatively small egg diameters, and the hatchlings are small and at an early
stage (Table 7:2 and Fig. 7:4C and D ). Hatching occurs, in fact, at the
same stage of development as Neobatrachus pictus hatchlings (Fig. 7:4F ),
which are derived from normal submerged jelly egg-masses. A. brevis and
L. fletcheri also have fairly small eggs, but the hatchlings are larger (Table
7:2) and more advanced (Fig. 7:4A and B). The species of Heleioporus
have considerably larger eggs, and, as has been mentioned, can develop
intra-ovally for long periods. The hatchlings are fairly advanced (Table
7:2) and probably quite large. Finally in P. frosti the eggs are relatively
very large and the hatchlings far advanced (Table 7:2 and Fig. 7:4E ).
It seems likely that, even in an egg-mass floating on the water, it is
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E

F

Fig. 7:4

Cycloranine hatchlings. A. Adelotus brevis; B. Lechriodus fletcheri; C.
Limnodynastes tasmaniensis; D. Limnodynastes dorsalis; E. Philoria frosti;
F. Neobatrachus pictus. All but F are from foamy egg-masses.

advantageous for hatching to be delayed for as long as possible, since this
ensures that the earlier and more vulnerable stages are not exposed to
predation by insects (the major predators of tadpoles; Lutz, 1948).
Presumably selection pressure of this sort accounts for the well-advanced
hatchlings of Adelotus and Lechriodus.
However, it should be borne in mind that the egg-mass itself may also
be subject to predation (e.g., by birds), and rapid hatching would then be
advantageous. Unfortunately, data are lacking on the possible occurrence
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of predation of egg-masses. A second factor that may operate has been
pointed out by Breder (1946); namely that embryos in a foamy egg-mass
are protected from rapid desiccation if the breeding habitat should dry out,
and they may remain viable until the next rain. This, in fact, appears to be
the normal developmental pattern of Engystomops pustulosus, a Pana
manian leptodactylid, and may well apply to Lechriodus, which often
breeds in exceedingly temporary water (e.g., rain-filled wheel-ruts).
Clearly, then, large eggs (allowing for long intra-oval development) may
be of some advantage even in foamy egg-masses deposited in water. This
may have pre-adapted the foamy egg-mass for the evolution of the terres
trial embryonic development of Heleioporus and the wholly terrestrial
development of Kyarranus. Possible intermediate stages in this shift of
the egg-mass from water to land are illustrated by other leptodactylids.
Firstly, L. dorsalis in some habitats constructs a burrow in which the eggs
are laid. In a slow-flowing stream males were found to be calling from
tunnels leading to chambers in which egg-masses were present (Fig. 7:5).

Fig. 7:5

Longitudinal section of breeding burrow of Limnodynastes dorsalis in the
bank of a slow-flowing stream, showing position of calling male and
egg-mass

This may represent an adaptation to the lack of cover along the banks or
to the lotic conditions; the egg-masses are shaded and unlikely to be swept
away in such a site. Nevertheless, it suggests one way in which the use of
a burrow for oviposition may have evolved. Secondly, the South American
species Leptodactylus pentadactylus lays foamy egg-masses in water-filled
pot holes near permanent streams, with the larvae undergoing normal
aquatic development in the pot hole (Lutz, 1948). This situation more
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closely resembles that in Heleioporus, except that in the latter the eggs are
laid before the ‘holes’ (burrows) contain water. Again, the factor of avoid
ance of predators may be correlated with the use of holes and burrows,
since in a hole completely covered with foam such forms as Odonata (with
predaceous nymphs) are unlikely to be able to oviposit. The possible
stages in the shift of the egg-mass from water to land are depicted diagrammatically in Fig. 7:6.
In summary, the foamy egg-mass habit, which is typical of leptodactylids (Noble, 1927; Breder, 1946), has undergone adaptation to a number
of diverse situations: normal aquatic development in both still and running
water, with varying degrees of delay in hatching; terrestrial embryonic
development in seasonally arid conditions; and entirely terrestrial develop
ment in humid habitats.

Limnodynastes dorsalis
L. peroni
L. tasmaniensis

Leptodactylus
pentadactylus

L. dorsalis
(see Fig. 5)

*

pre-flooding

4
<

1

Heleioporus
post-flooding
/

Kyarranus
Fig. 7:6

Diagrams to show a possible course of evolution of terrestrial foamy
egg-masses
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Subfamily Myobatrachinae
The modes of life history occurring in this subfamily fall into two
categories:
(i) The eggs are small, and oviposition and larval life are of the normal
aquatic type. Included here are Glauertia, Uperoleia, and at least
eight species of Crinia, among them all but one member of the
C. signijera complex (Main, 1957; Main and Calaby, 1957; Main
et al., 1959; Moore, 1961; Littlejohn and Martin, unpublished).
(ii) The eggs are large, oviposition is terrestrial, and part or all of the
larval stage is completed in the absence of water. In this group
are six species of Crinia, at least seven species of Pseudophryne,
and the monotypic genera Metacrinia and Myobatrachus.
The species of Crinia with terrestrial oviposition fall into two fairly
natural groups: the C. signifera complex (one species) and the C. laevis
complex (five species), suggesting a possible independent origin of the
habit. The single member of the C. signifera complex with terrestrial
oviposition, C. riparia (Littlejohn and Martin, 1965), breeds along
permanent, fast-flowing, rocky streams in otherwise semi-arid country
(25-36 cm average annual rainfall). It was suggested that the oviposition
site represents an adaptation to the lotic conditions (as in Mixophyes);
the eggs would be less easily swept away in such a site (Goin and Goin,
1962; but see also Poynton, 1964).
The members of the Crinia laevis complex, on the other hand, breed
in still water and are largely restricted to forest areas with a rainfall of
more than 50 cm. C. leai (Main, 1957), C. laevis, and C. victoriana
(Littlejohn and Martin, 1964) exploit autumn rainfall, the eggs being
laid in or near areas which later become flooded. As shown in Table 7:3,
intra-oval embryos of C. victoriana can remain viable out of water for as
long as four months. The adaptive significance of this ability to develop
in the absence of open water has long been recognized, and three
possible advantages of this type of breeding pattern have been suggested:
(a) Avoidance of desiccation— the eggs can survive even if pools dry
out. Main et al. (1959) and Tihen (1960) have pointed out the
objections to this argument. Species with this oviposition pattern
usually occupy mesic or humid environments where the danger
of desiccation is low. The pools are dry when the eggs are laid,
but, once filled, they commonly remain full until late in the
summer, by which time the larvae have transformed. Nevertheless
this hypothesis may have some validity in certain instances (see
discussion of Pseudophryne).
(b) Avoidance of predation (Tihen, 1960)— the early and vulnerable
stages are not exposed to aquatic predators.
(c) Avoidance of interspecific competition (Lutz, 1948)— larvae which
hatch as soon as rain falls will be well advanced by the time those
resulting from post-rain breeding have hatched. The larger larvae
will then have ‘first choice’ of resources (Savage, 1961).
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TABLE 7 :3 Survival of intra-oval myobatrachine embryos out of water
Initial egg
number
Crinia victoriana*

Pseudophryne bibroni

P . dendyi

P. corroboree

about
„
„
„
„

Days out
of water

% age
hatching

Remarks

1211
1211
1211
121 f
121 f

118
118
118
118
118

0
1
5
28
29

1

113J
2154

71
71

34

44

7 In saturated air at
room temperature

135

37

97

144 about

94

100

15

27

27

>

J

In saturated air at
room temperature
(about 16°C.)

In saturated air at
room temperature
Eggs obtained in field
73 days after prob
able end of breeding
season, and kept in
saturated air at room
temperature for a
further 21 days
In

saturated air at
room temperature
(15-20°C.)

* Data from Littlejohn and Martin (1964).
t Mean egg number for this species in central Victoria.
+ Data from Littlejohn (personal communication).

Both (b) and (c) appear to be valid. They apply even more strongly
to Crinia rosea (Main, 1957) and C. lutea (Main, 1963), in which the
development is entirely withdrawn from water. This minimizes the danger
of predation and completely avoids competition for food. It is interesting
to note that the eggs of C. rosea (ovidiameter 2.35 mm; Main, 1957) are
somewhat smaller than those of C. victoriana (ovidiameter 3.10 mm;
Littlejohn and Martin, 1964), suggesting that larger size alone is not the
critical attribute for wholly terrestrial development.
The various species of Pseudophryne have a breeding pattern similar
to that of C. laevis, and the same arguments presumably apply. In addition,
Main et al. (1959) point out that the Western Australian species breed
in ephemeral ponds. The terrestrial embryonic life decreases the duration
of the aquatic part of the life cycle, and hence increases the chances of
the larvae metamorphosing before the ponds dry out. The same may well
apply to the eastern P. australis (Jacobson, 1963).
The other species of Pseudophryne occupy mainly mesic or humid
habitats, including the sub-alpine and alpine zones (e.g. P. corroboree\
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Myobatrachine hatchlings. A. Crinia signifera; B. Early hatchling of
Pseudophryne semimarmorata; C. Late hatchling of P. bibroni; D. Late
hatchling of P. corroboree. All but A are from terrestrial eggs.

Colefax, 1955). As with Crinia victoriana, intra-oval embryos can survive
for long periods out of water (Table 7:3). Hatching can occur at a
relatively early stage (Fig. 7:7B), but even at the earliest stage the
hatchlings are far more advanced than those of the myobatrachines with
aquatic oviposition (e.g. Crinia signifera, Fig. 7:7A ). In the absence of
rain the embryos continue to develop and reach an advanced larval stage
(Fig. 7:7C and D ), with fully-formed spiracle and mouth apparatus, and
well-developed limb buds. This important point appears to have been
overlooked by some recent authors. Advanced larvae such as these hatch
within an hour of becoming inundated (Littlejohn and Martin, unpub
lished). Their size, mobility, and immediate feeding capability would
provide them with considerable advantages in avoiding predation and
competition.
The life histories of the remaining two genera, Metacrinia and Myobatrachus, are unknown, but from their habitat, ecology, and large egg
size (Main et al., 1959; Watson and Saunders, 1959), it is highly probable
that their development is entirely terrestrial.
Thus the Myobatrachinae show a range of terrestrial developmental
patterns which have probably evolved independently from the primitive
mode of life history on more than one occasion.
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SUMMARY OF DEVELOPMENTAL BIOLOGY
The overall picture that emerges is as follows: about 7 per cent of
species have entirely terrestrial development; about 18 per cent partially
terrestrial development; and about 44 per cent normal aquatic develop
ment. The life histories of the remaining 31 per cent are unknown but in all
probability are of the primitive type. The somewhat surprising feature
of this analysis is the low proportion of wholly terrestrial life histories.
Presently available data are not sufficient to allow critical comparisons
with other anuran faunas. However, a very rough estimate suggests that in
southern Africa, for instance, about 17 per cent of forms lack aquatic
larval stages (Fitzsimons, 1947; Rose, 1950; Inger, 1959; Goin and Goin,
1962; Poynton, 1964). This may reflect the fact that, very approximately,
58 per cent of southern Africa receives an average annual rainfall of more
than 50 cm, an amount received by less than 35 per cent of Australia.

LARVAL ECOLOGY
Savage (1961) appears to be the only author who has given much
attention to the ecology and behaviour of anuran larvae. His findings, for
Rana temporaria and other species, were that larval mortality is of the
order of 99 per cent; that large tadpoles displace smaller ones from food
sources; and that foods and feeding methods are much the same for several
species of tadpoles. These considerations all imply that competition for
food may be an important factor in the life of tadpoles. This becomes even
more apparent when it is considered that as many as fourteen anuran
species may breed synchronously in a single pond (Bogert, 1960). Data on
the possible occurrence and effects of competition are almost entirely
lacking, though the adaptive radiation of tadpoles (Orton, 1953) would
tend to minimize competition in some circumstances. A number of
preliminary studies on anuran larval ecology may serve to illustrate this
and other general trends.
Hyla ewingi and Crinia victoriana both breed in autumn in the Mel
bourne area (Littlejohn, 1963a). The former species has a nektonic type
of larva, and the latter an unspecialized ( ‘generalized central’) type
(Martin, 1965). Observation in the field suggested that H. ewingi tadpoles
live predominantly in the upper and middle levels of ponds, while those of
C. victoriana remain near the bottom. Analysis showed that H. ewingi
larvae had a higher proportion of algae in the gut contents than C. vic
toriana larvae, whose dominant food was fungal hyphae, presumably from
decaying vegetable matter (Lowe, 1962). It was further found that H.
ewingi larvae had a higher oxygen consumption and a lesser tolerance of
low dissolved oxygen levels than C. victoriana larvae (Matheson, 1963).
Comparative growth studies in the laboratory showed that the presence of
H. ewingi larvae depressed the growth rate of C. victoriana larvae, possibly
due to the more vigorous swimming and feeding of the former species
(Lowe, 1962). However, the lowered growth rate may have been partly a
result of inhibition due to crowding (Richards, 1958), though the cultures
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of H. ewingi and C. victoriana larvae together were no more crowded than
those of each species alone. Thus it was tentatively suggested that in a
pond with high water level, the two species rarely come into contact, and
competition is virtually negligible. As the water level drops during the
summer, however, the larvae do tend to compete, and the active, nektonic
H. ewingi tadpoles may then displace the C. victoriana tadpoles from food
sources.
The problem may be more complex when the larvae of different species
are very similar. C. victoriana and Pseudophryne semimarmorata, for
instance, breed synchronously in the same ponds, and have larvae so
similar that they are often indistinguishable (Martin, 1965). A pre
liminary study revealed no differences in behaviour or feeding of the
larvae (Appleby, 1964), and any ecological divergence must lie at a more
subtle level.
Moore (1961) has pointed out another feeding adaptation in an
Australian anuran larva. He comments that the larvae of Lechriodus
fletcheri are habitually carnivorous and cannibalistic, and suggests that
this is an adaptation to life in temporary pools, where vegetable food is
scarce. This is borne out by a pilot experiment in which 20 Lechriodus
larvae were kept in fourteen litres of water, and about 70 larvae were
kept in two litres of water. Cannibalism appeared to be much more preva
lent in the latter situation, where the competition for vegetable food (boiled
lettuce) was presumably stronger (Martin, unpublished). In uncrowded
conditions, with abundant vegetable matter, it is doubtful whether
Lechriodus larvae are carnivorous.
Another problem in anuran larval biology, on which data are scarce,
concerns the size achieved by tadpoles, in natural situations, before
metamorphosing. In several species studied this has been shown to vary
considerably. Limnodynastes tasmaniensis larvae, for example, usually
reach a maximum length of 45 mm in the Melbourne area, but larvae up
to 60 mm long, even in early limb bud stages, also occur. Martin (1965)
has suggested that the larger larvae are those resulting from eggs hatching
near the end of the breeding season (August to January; Littlejohn,
1963a), which have over-wintered as tadpoles. Larvae hatching earlier in
the season metamorphose before winter. Copland (1963) has reported a
possibly similar phenomenon in Hyla aurea raniformis.
This attribute is also present in species inhabiting the alpine zone, though
it may not be developed in the same species at low altitudes. Thus Crinia
victoriana breeds in autumn (April to May) at altitudes under 300 m; the
larvae achieve a maximum total length of 28 mm and metamorphose in
October and November (Littlejohn, 1963a; Littlejohn and Martin, 1964;
Martin, 1965). At 1,500 m, on Lake Mountain, Victoria, however,
breeding begins in summer (January), but the tadpoles grow more slowly,
and reach a greater size (up to 45 mm). In comparative growth studies at
several temperatures (10, 15, 20, and25°C.), initially size-matched larvae
of low altitude and high altitude populations were reared to metamor
phosis, in uncrowded conditions with excess food. Regular measurements
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of larvae confirmed that high altitude tadpoles have a lower growth rate;
and a differential in time of metamorphosis was also apparent. Thus
low-altitude tadpoles began metamorphosing seven days (at 10°C.), 70
days (at 15°C.), 17 days (at 20°C.) and thirteen days (at 25°C.) before
high altitude ones (Allen, 1963). It seems, then, that the normal lifecycle of C. victoriana is modified in the alpine zone so that the length
of the larval life span is increased, thus delaying metamorphosis until the
snow has melted and conditions are generally less severe.

CONCLUSION
Many interesting features are present in the life histories of Australian
anurans, and this review has done no more than to touch on a few of
them. More data are required on the life cycles of almost all species. The
desert forms, in particular, are barely known, though they show promise
of having some striking adaptations. It would also be desirable to know
more of the physiology of terrestrial eggs and embryos, since, indirectly,
this is relevant to the problem of the origin of the amniote egg (Tihen,
1960). Finally, it is probable that the higher taxonomic categories in
Australian Anura are at present somewhat artificial, and a better knowledge
of life histories and larval morphology may provide additional evidence
bearing on relationships and phylogeny.
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Principal Fishes of the Murray-Darling
River System
John S. Lake
THE ENVIRONMENT
The Murray-Darling River system is by far the largest and most important
in Australia, with the basin of the Murray, 1,071,225 sq km, covering
about one-seventh of the total area of Australia. The longest continuous
stretch of river consists of the Condamine, Darling, and Murray rivers, a
total distance of 3,780 km. The Murray River, from its source to its
mouth, is about 2,600 km, the Darling River 2,700 km, and the Murrumbidgee nearly 1,600 km (Fig. 8:1). The highest point in the watershed is
Mt Kosciusko (2,229 m ). At Albury, only 386 km downstream, the
altitude is a mere 150 m. Thus the Murray River rises in rugged highlands
with fast flowing streams, snow-fed for several months of the year, but it
soon descends into gently undulating plains; farther west these plains
flatten out, making them well suited to gravitational irrigation. The grade
at Albury is 14 cm per km, but in the last 160 km to the sea the fall is
only about 1 -5 cm per km. The water in the Murray at Albury takes about
one month to reach South Australia and that in the headwaters of the
Darling takes two months or more to reach the Murray. The average
annual rainfall over the Murray basin is 43 cm and only 5 per cent of the
total area has an average rainfall in excess of 76 cm.
The catchment of the upper Murray above Albury (i.e. Hume Reservoir,
Fig. 8:1) contributes more than one-quarter of the total flow of the
Murray River system yet comprises less than 2 per cent of the total
catchment area. The average flow of the whole system is some 15 cu km
a year, equivalent to only 13,800 cu m runoff per sq km annually. This
represents by far the smallest runoff from any large river system in the
world (Lang, 1946). However, because these rivers have such low
gradients, huge areas may be inundated during large floods. Such areas
may vary from an area of two hundred hectares to many hundred square
kilometres in extreme examples.
The regimes of these rivers, unlike those rivers in the European Alps
for instance, are irregular and statistically among the most ‘unreliable’ in
the world (see ch. 1, and also ‘Effects of Environmental Changes’, below).
Before the existence of weirs and dams, which began to appear in the
1920s, these rivers often ceased to flow and were reduced to a chain of
waterholes.
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Fig. 8:1

Major river systems of New South Wales showing the sites (numbered)
for the hydrological data shown in Table 8:1

Water temperatures in the mainstreams of the rivers of the system range
from 4 to 31°C., and in still backwaters temperatures may rise as high
as 36°C. in summer. Fish described in this chapter do not inhabit the
headwaters of the system in which temperatures close to freezing may be
encountered (see Table 8:1 for an indication of maximum daily variation
in temperature).
Apart from a few species of fish such as the Australian bass (Percolates
spp.) and the common jolly-tail Galaxias attenuatus (Jenyns), 1842,
which have a restricted range near the mouth of the Murray River, only
twenty-seven species of fishes have been recorded from this huge river
system. Nineteen of these species are native and the other eight were
introduced late in the nineteenth century. These twenty-seven species are
listed, in classificatory sequence, in Table 8:2. The native species belong
o
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to twelve families and six orders of the classes Petromyzones (lampreys,
etc.) and Teleostomi (true bony fishes), and are endemic to Australia.
To man, by far the four most important of the native species are
golden perch, silver perch, Murray cod (and trout cod), and freshwater
catfish (Plate 8:1), because these four species, widespread throughout the
system, are sought for food and sport. The remaining three species of
recreational or commercial importance have restricted distributions. The
Macquarie perch and river blackfish occur mainly in the clearer waters
of the higher reaches, the latter usually restricted to fairly small tributaries
containing good cover such as logs. The spangled perch, on the other
hand, belongs to the warmer and more turbid tributaries of the Darling
River.
During 1960-1 the Inland Fisheries Research Station was built at
Narrandera near the Murrumbidgee River in south-western New South
Wales, and considerable information has since been collected on the four
species mentioned above and also on another small native species, the
western carp gudgeon ( Carassiops klunzingeri) , which plays an important
part in the survival of the Murray cod (as described below). Detailed
information on these species will be given later.

BREEDING STIMULI
Spawning of golden perch, Murray cod, and silver perch is conditioned
by rising water levels (Plate 8:2) when accompanied by rises in tempera
ture, beginning at specific temperatures, depending on the species. How
ever, some individuals of most species spawn following a slight rise in
water level, even in a dam or pond following heavy rain, whereas others
spawn only after fairly major rises.
Several species of fish in other countries breed during floods, and in
experimental studies on some of these species breeding ponds have been
allowed to dry out, then filled with water. Adult fish placed in such freshly
filled ponds have thereby been induced to breed. Examples are species of
Puntius, which are bred in Indonesia, and the major carps of India and
Pakistan (Hora and Pillay, 1955).
Swingle (1953) has shown that optimal breeding with several species
of fish is only attained when fresh water enters a pond at times when other
conditions— mainly temperature— are satisfactory. He maintained that it
is possible to prevent, as well as to induce, spawning and has postulated
that there is a repressive factor excreted or secreted by some species of
fish which inhibits or reduces reproduction in ponds. So far there is little
evidence to support this view, although Brochway (1950) showed that
excretory ammonia interfered with the ability of trout to use oxygen, and
Kawamoto (1961) showed that both the urine and faeces of carp
(Cyprinus carpio) inhibit their growth due to the increase in ammonia, and
that the phytoplankton and algae in the water affected growth because
the availability of the ammonia varied with carbon assimilation. John
(1963) studied the reproductive cycle of the speckled dace (Rhinichthys
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osculus) in Arizona and found it to be bimodal, with discrete peaks in
early spring and late summer, if rainfall was normal. In periods of drought,
however, overcrowded, undernourished populations failed to reproduce.
Nevertheless he maintained that the reproductive period was basically
regulated by the photoperiod.
Frith (1959) made a study of the breeding and other habits of wild
ducks in part of the Murray-Darling River system of New South Wales
and found that environmental factors, particularly changes in water level,
were of prime importance in regulating sexual activity in wild ducks but
that the influence of fixed annual factors, including long photoperiodism,
on some species cannot be entirely ignored. He also showed that increasing
water levels are followed by an increase in plankton and insects which
largely determine the survival of young. An analogous situation exists with
the four major species of fish in this same system. Breeding will occur
whenever and wherever conditions may be suitable, and these conditions
can occur, in some areas, over a period as long as six months in any year.
In the Darling River at Bourke, for instance, golden perch have spawned
as early as October and as late as April. On all occasions breeding has
taken place in flood conditions and water temperatures in excess of 23 °C.
Evidence of breeding was obtained by collecting larval stages of this
species. The freshwater catfish, however, is more regular in its breeding
habits, and some specimens breed annually, even under adverse conditions.
Flooding will induce an earlier spawning and the subsequent increase in
plankton production considerably improves the chances of survival of the
young. Catfish have a more regular breeding pattern which is apparently
not dependent on floods and lasts for about one month in any given
locality. This has been determined by repeated applications of rotenone
which allowed extensive collections of advanced larval stages to be made.
Marshall (1949) discussed the evidence available regarding the breeding
seasons of birds and concluded that, in general, they are determined by a
combination of environmental factors which operate on the bird at the
time, and which are determined by natural selection for each species, so
that conditions will be most suitable for the survival of the young.
It is now obvious that this position is paralleled with our native fish.
The important environmental factors are a rise in river level and a rise of
at least 3°C. in temperature to a particular level for each species. Time of
the year and other factors associated with these conditions are almost
certainly coincidental. Increasing day length in the spring months usually
means an increase in light, but this can be completely upset if rivers are
in flood and are consequently very turbid. A Secchi disc may disappear
from view at as little as 5 cm under these conditions. On the other hand
fish have ripened and spawned in clear water ponds (Secchi reading of
240 cm) following the application of the appropriate stimuli.
Further, the English perch (Perea fluviatilis), introduced to the MurrayDarling system about seventy-six years ago, may be undergoing a rather
rapid evolution in Australia because the nature of this river system gives
rise to extensive plankton blooms during flood periods. It has been noted
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that most specimens of this species will breed in a pond without any rise
in water level once temperatures reach about 12°C. in the spring months.
However, a small percentage of the fish do not breed unless a small rise
in water level accompanies the temperature rise. It is possible that this
phenomenon also occurs among English perch in Europe, but it has not
been previously reported.
A small rise in river level can induce a spawning in some specimens
of our native species, but this results in a very low survival rate; an
extensive flood of reasonable duration is needed to obtain a spawning
which will yield a high survival rate. Frith (1959) showed that plankton
is produced in the inundated areas adjacent to rivers, and it is logical
to infer that the bigger the area inundated the greater will be the total
amount of plankton produced. It is contended then that survival is largely
dependent on the extent and duration of the flood because these affect
the production of food (plankton) for the young.
Sudden temperature fluctuations at egg and larval stages certainly do
not have any adverse effects on the four major species studied, though
they are important to some other species. Egg and larval stages of the
four species have been subjected to rises and falls in temperature of as
much as 15°C. over a four-hour period without any mortality. Sudden
fluctuations of this magnitude are never experienced under natural con
ditions. If water levels fail to rise when temperature is approaching the
value needed for breeding, then females will fail to deposit ova. If
temperature then continues to rise above the breeding value, the retained
ova will deteriorate and eventually become resorbed. Breeding is induced
by a combination of the environmental factors mentioned. The timing of
breeding is also partly due to the genetic makeup of the fish produced by
natural selection.

EFFECTS OF ENVIRONMENTAL CHANGES
The distribution and abundance of our native fish have been reduced in
several areas. The golden perch has even become extinct in some areas
it formerly inhabited. These major changes have followed the building
of dams and weirs on the Lachlan, Murrumbidgee, and Murray Rivers.
These structures have completely changed the original environmental con
ditions. In particular the extent, duration, and nature of flooding have been
drastically changed; lower water temperatures are encountered for
considerable distances downstream of large dams. The smaller weirs have
not only intensified these effects but at times they also act as complete
barriers to fish movement. Other physical and chemical characteristics of
the water have also changed. Total dissolved solids, turbidity, and total
alkalinity have been reduced, and the pH is lower (see also ch. 10). Some
of these factors play an important part in food production, so the growth
rates of the fish and their population density may well have changed.
Table 8:1 shows some typical results of water analyses at various
points in the system at different river levels.
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These examples indicate that, in general, the Darling and Lachlan
Rivers have much higher conductivities (and therefore greater quantities
of total dissolved minerals) and higher total alkalinity than the Murray
and Murrumbidgee R.ivers. In addition the Darling River is more turbid
and, together with the Lachlan River, is much less transparent than the
Murray and Murrumbidgee during periods of high river levels. An acute
carbon dioxide deficiency also characterizes parts of the Darling and
Lachlan Rivers at low river levels, as do higher temperatures both in
summer and, particularly, in winter. Places in the Murray and Murrum
bidgee River systems such as localities 25, 26, 27, 29, 35, are different
either because they are in anabranches and tributaries or because they lie
below the junctions with the Lachlan and Darling Rivers, which change
the characters of the Murrumbidgee and Murray. Similarly, apparent
anomalies in the Darling River system are restricted to the upper reaches
of tributaries or produced by local rain filling dry or near-dry anabranches.
Locality 33 is an anabranch of the Murray River and receives water from
the river only when floods occur. It is probably more like the Murray River
water at low river levels before dam and weir construction.
The Snowy River headwaters have been included to show the comparison
with a very pure water.
In the headwater regions there tends to be a reduction in total dissolved
minerals when the river level rises. This is also usually so in the Murray
and Murrumbidgee Rivers; however, an increase usually occurs in much
of the Darling River (e.g. location 9).
It is known that breeding and survival, particularly of the golden perch,
can be very successful in the Darling and Lachlan Rivers following
extensive floods; yet this is not so in the Murrumbidgee River and,
particularly, in the Murray River.
Although temperatures, floods, and plankton production are highly
important for breeding and survival, probably water density also plays
some part in the survival of pelagic eggs such as those of golden and silver
perch. Eggs of these species could come to rest on the bottom in still
backwaters of the quality of the Murray and Murrumbidgee Rivers, and
this may adversely affect survival and hatching. The higher total dissolved
mineral salts of the other rivers and anabranches no doubt play some part
in the buoyancy of eggs and larvae and therefore in their survival.
Breder (1962) has discussed the significance of transparency in fish
eggs and larvae, indicating that it is probably a specialization for avoiding
damage from light, which is transmitted instead of being absorbed. The
eggs and larvae of golden and silver perch are transparent so this
principle could also apply to them. Their pelagic habit, which means that
they are free in the water, often near the surface rather than attached to
the bottom or under cover, would not then be expected to cause death due
to excessive light. It must be admitted, however, that the high turbidity
of the rivers at breeding time would, in itself, provide an environmental
safeguard against injurious effects of light.
In contrast to much of the Murray and Murrumbidgee Rivers, the
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Darling is still nearly free of dams and weirs of significant size. It therefore
affords a prime example of what conditions must have been like in the
whole Murray-Darling system in the past. In the Darling, suitable
conditions for spawning and for the survival of young fish do not occur
with a reliable frequency. These conditions depend in their turn on the
falling of adequate rain or snow in the highlands, which produces the
required floods at times when water temperatures in the lowlands are
suitable for breeding. Probably, then, the population density of the fish of
our inland waters has always fluctuated greatly, because of the very
‘unreliable’ nature of the regimes of the country’s rivers (see ch. 1).
Now although a season of inadequate spawning and poor survival of
young need not necessarily lead to a serious decline in total population
sustained over the years, it is not uncommon in these rivers for several
such seasons to follow each other consecutively (at the time of writing—
1966—Australia had been in the grip of a prolonged dry spell which had
lasted nearly two years). Hundreds of miles of river can completely dry
out, and this invariably causes heavy fish mortality. Sometimes fish may
temporarily become concentrated in a small number of waterholes along
the course of a river, and in a severe drought they will be killed as the
waterholes dry up. Even if they last until the river rises again, predation
and cannibalism may drastically reduce the populations.
Frequently, these phenomena have led to erroneous conclusions and
they conditioned many of the early fishery management procedures. But
these procedures did not necessarily influence fishing for better or worse,
having been completely dwarfed by the huge natural fluctuations.
Weirs and dams have superimposed a much more uniform and stable
environment on Australia’s inland rivers and, although the native fish are
not adapted to this new habitat, some of the introduced species are.
Examples include the English perch and tench. Consequently these have
flourished (see also ch. 9) and some species are likely to continue this
trend and spread further, especially as more weirs are built. Likewise,
native species will be further affected, not by competition or predation by
the introduced species but by a reduction of suitable habitat.

THE FISHES
1. The freshwater catfish — Tandanus tandanus
Mitchell, 1838 (Plate 8 : 1(e))
Fish less than 15 cm are usually grey or brown and may be mottled with
black to dark brown spots. Larger fish may be olive-green, brown, reddishbrown, or even purple in colour; mottling is not as common in larger
specimens. They are white below. Scales are absent and the skin is smooth
and tough; there are eight barbels. Spines on the dorsal and pectoral fins
can readily puncture the skin of a person handling this species but the
wound is not, as is commonly believed, particularly painful. Small fish
tend to produce more painful wounds than larger fish because their spines
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are sharper. The second dorsal fin, which begins above the middle of the
body, is joined to the caudal and anal fins.
This species is widely distributed in the Murray-Darling River system
and is only absent (or rare) upstream from Wagga Wagga in the Murrumbidgee River and upstream from Mulwala in the Murray River. It is more
abundant in lakes and sluggish waters. It also occurs in coastal rivers of
eastern Australia, except for Tasmania.
It has been known to grow to a length of about 90 cm and a weight of
6-8 kg. Fish up to 1 • 8 kg are common. Precise data are not yet available
on growth rate, although fish have attained a length of from 30 to 34 cm at
the age of 16 months in ponds without any artificial feeding.
Spawning may take place from late spring until midsummer and the
fish will breed in ponds quite readily. Courtship procedure may be
elaborate and a nest is usually built in pebbles or gravel. Sticks and small
stones may also be carried to the nest, which is circular or oval in shape
and may be up to about 2 m in diameter. Eggs are guarded and fanned
by the male. A sudden drop in water level which exposes the nest prior
to egg laying invariably leads to its abandonment, even though the water
level is restored shortly afterwards. Another nest is then built elsewhere.
If water levels fluctuate often enough, spawning will not take place even
though several nests are built; the ovaries are then resorbed. This has
practical implications in that short-term fluctuations in water level, caused
by irrigation requirements, can adversely affect the breeding of this species.
Sexual dimorphism is present in that the female’s urogenital papilla is
triangular in shape while in the male it is cylindrical. This can be seen after
fish reach an age of one year.
Eggs are demersal, found underneath the gravel of the nest, and have
a diameter of over 3-2 mm when water hardened. A fish of 1 *4 kg yields
about 20,000 ova. The egg is spherical, a light greenish-yellow in colour,
and the chorion is slightly rough, clear, transparent, and about 0-2 mm
in thickness. The perivitelline space is small. At a temperature of from
21 to 25°C. the blastopore takes about thirty-six hours to close. At
forty-eight hours the embryo is half way round the yolk. The yolk has a
granular appearance due to small oil globules but there is no main oil
globule (Plate 8:3a). Hatching takes a week at a temperature range
between 19 and 25 °C. and at hatching fish are 7 mm in length and have
no barbels or pectoral fins, but there is pigment in the eyes and over
the major portion of the larva. Barbels appear as tiny buds about three
days after hatching and are well formed at seven days, when the larva is
1 •2 cm in length. At a length of about 1 •5 cm the catfish larva has become
transformed to a young fish, being then about three weeks old from time
of fertilization.
Young fish, from 2-5 to 10 cm, in aquaria have fed on zooplankton and
chopped earthworms. The adult fish are essentially carnivorous bottom
feeders, taking molluscs and crustaceans. They will feed on chopped meat
or dead fish in aquaria and feeding appears to be assisted more by smell
than by sight. The method of feeding causes water in ponds to become
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very muddy, and although the fish can be kept successfully in aquaria
very clean sand or pebbles on the bottom are necessary; otherwise the
water becomes very discoloured.
Catfish provide good sport and are of excellent culinary value. They
should be skinned before cooking.

2. The golden perch — Plectroplites ambiguus
(Richardson), 1845 (Plate 8 : 1(a))
The colour of this species varies from golden or cream below to olivegreen or black above, depending on habitat and water turbidity. Pectoral
fins are yellow and other fins dusky; occasionally some fins show a slight
pink colour. Scales are rather small and ctenoid. Larger individuals of
the species are deeply concave before an arched nape. There are strong
anal spines. The operculum ends in two spines and the lower is larger
and serrated.
Golden perch occur throughout the Murray-Darling River system except
at higher altitudes. Their habitat is the warmer, sluggish, and often turbid
waters of the inland rivers and they are adapted to the extreme fluctuating
conditions characteristic of these waters. They will live crowded in dams.
They tend in nature to live in secluded areas in or near logs; they do not
usually school.
Golden perch have grown to over 23 kg and 75 cm; they commonly
reach 4-5 kg. Naturally growth may vary considerably under different
conditions, and golden perch in ponds have reached 21-3 cm and 134
gm at thirteen months. A golden perch tagged below Euston in the
Murray River in September 1960 when 1-09 kg in weight and 39 cm total
length was recovered 310 days later many hundred kilometres upstream
in the Murrumbidgee River near Leeton; it then weighed 2 kg and was
49-5 cm in length. Other tag returns show this growth to be better than
usual. A preliminary trial with golden perch in a small rice field (0-3 hec)
in 1961-2 showed that they will live and grow under these very shallow
water conditions. The fish averaged 7-6 cm when placed in the rice field
on 6 November 1961 and averaged 20-1 cm and 108 gm, and were in
excellent condition, when collected on 23 March 1962.
Golden perch spawn during floods and freshes when water temperatures
exceed 23-5°C. The male fish usually becomes ripe in early October and
until as late as April milt may be extruded when slight pressure is applied.
Stunted male golden perch as small as 18-7 cm have been found fully
mature. Available evidence suggests that they do not normally become
mature until three years old, although faster-growing fish may mature at
two years. The females, on the other hand, usually show rapid gonad
development during August, September, and October; the large reserves of
fat commonly associated with the ovaries appear to provide for their rapid
development. Once an advanced gonad stage is reached, final maturing
awaits the triggering mechanism of floods and temperatures over 23-5°C.;
then spawning will take place in forty-eight hours. If either stimulus is
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delayed— and quite often a flood or fresh does not occur—then gonads
remain at the advanced stage for up to two months. If the stimuli are not
provided in this period, resorption of gonads commences. Females do not
breed until they become much larger than males (it is rare to see a
mature female less than about 1*5 kg in weight). Most females probably
reach four years of age before spawning. Spawning has occurred as late
as March in the Darling River. No sexual dimorphism is present, although
fish with advanced gonads can be readily sexed because of the female’s
distended abdomen and enlarged vent. At this time the male fish also
shows differences in colour and is noticeably darker. Fecundity is high
and fish of 2 •3 kg yield as many as half a million ova. Spawning has been
induced by suddenly filling ponds with water warmer than 23-5°C. A
reasonably rapid rise in temperature of at least 3°C. must also occur. If
temperatures drop below this (even if only briefly on a cool night)
spawning will not occur and the pond must be lowered and refilled when
water temperatures rise again. The temperature must exceed the critical
value uniformly throughout the pond from surface to bottom, so that a
considerable volume of warm water is usually required. Extra heating can
be achieved by flooding over a dry, hot, extensive backwater. Spawning
takes place in still water near the surface, and usually with three or four
males involved in pre-spawning courtship. This is one of the rare occasions
when golden perch can be readily seen near the surface.
Ripe ova are spherical, amber in colour, and 1 • 1 mm in diameter. A fully
water-hardened egg is 3 •9 mm in diameter, has a smooth thin chorion, is
transparent, colourless, non-adhesive, pelagic, and semi-buoyant. The yolk
is 1-1 mm and the oil globule 0-83 mm in diameter. Hatching takes
place in about thirty-three hours at temperatures ranging between 20 and
25 °C. and in twenty-four hours at temperatures between 27 and 31°C. The
newly hatched larvae average 3-2 mm in length, lack pigmentation, and
the mouth is unformed (Plate 8:3b). Larvae begin to feed five days after
fertilization of the eggs and are then free swimming. Fin formation is
almost complete and adult features are evident at about twenty-five days,
when the young fish are about 1 -2 cm in length.
The larvae and young fish feed on zooplankton, mainly copepods and
cladocerans. As the fish grow, crustaceans of larger size are taken, includ
ing shrimps (Macrobrachium) , yabbies (Cherax), and occasionally fish.
They rarely eat insect larvae and aquatic plants, except in ponds which
lack good populations of crustaceans. In general, golden perch are
essentially carnivorous, their diet consisting principally of crustaceans.
Golden perch can provide good angling, particularly with spinning gear;
however they are spasmodic ‘biters’ and do not usually provide good sport
in lakes and dams. They are of excellent edible quality, with white, rather
oily flesh. A small inland commercial fishery yields from 113,000 to
340,000 kg of golden perch annually, and this species typically makes up
over 50 per cent of the total catch. Golden perch are taken commercially
by the use of drum nets in the rivers and gill or mesh nets in the lakes.
Golden perch can be readily handled even at quite warm temperatures,
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exceeding 25°C, without any unusual mortalities. They will live and grow
in dams and farm ponds but are unlikely to breed unless water tempera
tures and flooding can be controlled. Breeding has occurred in ponds
merely as a result of rain when temperatures have been favourable, but
this is a rare event.

3. The Murray cod — Maccullochella macquariensis
(Cuvier), 1829 (Plate 8 :1(c))
The Murray cod varies in colour from green, blue, or grey with darker
grey to black marbled or mottled areas above. It is white or creamy-white
below, with no markings. Dorsal and caudal fins are dark with white
margins on the soft dorsal and caudal fins. Pectoral, ventral, and anal
fins are fairly light and transparent. There is a strong possibility that
another closely related species exists (see 3a below).
Murray cod are widespread throughout almost the entire MurrayDarling River system and are absent or rare only in the uppermost reaches
of the system. They also occur in a few coastal streams in northern New
South Wales and southern Queensland. They have been introduced into
several lakes and dams in New South Wales and Victoria and have done
well in some of these waters. These are the largest of our freshwater fish,
and specimens of up to 180 cm and over 90 kg have been captured.
It is not uncommon for anglers to catch specimens up to 36 kg.
Preliminary work in the Murray River suggests that members of this
species attain a length of about 23 cm at one year and 34, 46, 56, and
64 cm at the end of their second to fifth years respectively. There is some
evidence, largely from otolith readings, that a cod of 23 kg is about fifteen
years old.
Spawning often occurs in October or early November in the Murray
and Murrumbidgee Rivers, although it has occurred in September in the
Darling River in the Bourke-Brewarrina area; the Darling is the warmest
of the three rivers. Spawning is triggered by a rise in river level when
temperatures rise from 16-4 to 20-6°C. Cod probably breed at four
years when they may be about 56 cm in length and weigh between 1 -8 and
2-3 kg. Apart from the distended abdomen of near-ripe females, which
also show a larger, protruding, and purple coloured vent, no other sexual
dimorphism is evident. At first spawning, 20,000 ova may be produced,
but in larger fish the number of ova may exceed 200,000. Gonad develop
ment can be rapid during August and September and it is possible that,
as for the golden perch, the large masses of fat attached to the gonads at
early developmental stages provide the energy for this development, since
immediately before spawning these large fat bodies are almost absent.
Newly-shed ova range in diameter from about 2 mm to 3 mm and, when
fully water-hardened, from about 3 mm to nearly 4 mm, and are of an
opaque white colour; the chorion must be removed to observe the
developing embryo. The average diameter of the yolk is 2-5 mm and the
main oil globule is 0-75 mm in diameter. Many very small oil globules
are also present (Plate 8.3c). Murray cod have been stripped on a few
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occasions and some eggs hatched. Hatching takes eight days at tempera
tures ranging from 16-4 to 23-3°C. and thirteen days at a temperature of
16 •5 0C. according to Dakin and Kesteven (1938).
Following induced breeding in a pond at Narrandera 300 eggs were
collected from the inside of a fibrolite pipe and all but three hatched.
Temperatures ranged from 20-6 to 25 °C. Some hatched as early as the
sixth day but hatching extended for another five days, though the young
that emerged on the eleventh day were nearly as advanced as the larvae
from the eggs which had hatched early. This could explain the differences
in length of newly hatched larvae noted by Anderson and by Dakin and
Kesteven (loc. cit.). Those which hatched on the sixth day were barely
6 mm, while those that hatched on the eleventh day were nearly 9 mm.
The temperatures at this period were at their highest, and this could have
been the cause of the early hatchings. The larvae feed on zooplankton, and
the form of a young fish is reached about twenty-seven days after fertiliza
tion (nineteen days after hatching), whereupon larger food organisms,
such as small fish and shrimps, are necessary.
Eggs are adhesive and demersal and probably nearly always attached
to the inside of hollow logs. A fibrolite pipe 20 cm in diameter and 120 cm
long was utilized by cod for depositing eggs in the pond at the Narrandera
Research Station.
Adult Murray cod are carnivores eating principally crustaceans such
as shrimps {Macrobrachium), yabbies {Cherax), and crayfish {Euastacus). They also eat fish, including the introduced goldfish (Carassius
auratus), English perch {Perea fluviatilis), and tench {Tinea tinea),
together with native forage species such as bony bream {Fluvialosa
richardsoni). Large bivalve molluscs are also a fairly frequent item of diet.
Only the small Murray cod of less than 10 cm appear to eat smaller
forage species such as the western carp gudgeon {Carassiops klunzingeri)
and Australian smelt {Retropinna semoni). The survival of cod is largely
conditioned by the success of breeding of these ‘forage’ species (see under
5 below: western carp gudgeon).
Murray cod provide good angling and sometimes bite well. They can
be taken on worms, grubs, frogs, fish, spinners, and other artificial lures.
They are excellent eating— in larger specimens the body fat should be
removed before cooking— and the flesh keeps well. They have been rated
as the best of our native fish to eat but several other species are every bit
as good; their fame is probably associated with their large size. Commercial
fishing results in the capture of from 45,000 to 136,000 kg annually.
Most cod are captured commercially in drum nets. Live fish can be handled
reasonably well without subsequent heavy mortalities.

3a. The trout cod — Maccullochella mitchelli
(Castelnau), 1873 (Plate 8 : 1(d))
There is not sufficient evidence to separate this fish, as a distinct species,
from the Murray cod (Plate 8:1c). From the evidence I have seen I
strongly suspect that two species do exist, but further work is required.
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Trout cod are usually blue-grey in colour with dark grey to black
spots, rather than being mottled or marbled. They are also darker below,
and spots extend to this ventral area. Pectoral, ventral, and anal fins are
also darker, and the anal, together with the caudal, pelvic, pectoral, and
soft dorsal fins, have white margins. Other differences noted are a project
ing upper jaw and larger ova; they will die readily when handled, particu
larly when temperatures exceed 20°C. Perhaps most significant of all is
that trout cod appear to be restricted more to the cooler waters of the
Murray River and its tributaries above Yarrawonga, although this differ
ence is not perfectly clear cut. I have seen no evidence of inter-grading
of these two forms of Maccullochella, and specimens of trout cod larger
than 16 kg have not been encountered.

4. The silver perch — Bidyanus bidyanus
(Mitchell), 1838 (Plate 8 : 1(b))
This fish is silvery in colour, being darker above. Smaller fish, less than
about 10 cm, are more attractive, with dark mottling on the upper surface.
Head and mouth are small and the body is covered with small ctenoid
scales which form a sheath at the base of the dorsal and anal fins.
The silver perch occurs throughout the Murray-Darling River system
except at higher altitudes. Its range, however, extends farther upstream
than that of the golden perch and it is present in dams such as Burrinjuck
on the Murrumbidgee River. This species often forms extensive schools
and is one of the few larger native fish which is sometimes seen near the
surface.
Silver perch have been known to reach a length of about 60 cm and a
weight of about 7-7 kg. Specimens up to 3 •2 kg are not uncommon. No
detailed information is available on growth rate, although in ponds they
have reached a length of almost 28 cm in one year.
Spawning may occur after slight rises in river or pond levels if tempera
tures in the shallows reach 23°C. In ponds or dams it is not necessary
for temperatures to be as warm at depths exceeding about 90 cm as
the golden perch require. Consequently a rise in water level of as little
as about 30 cm is sufficient to stimulate spawning in a pond, but some
rise in water level is essential. Male fish are ripe at two years and females
at three years. No sexual dimorphism is evident except for a slight
difference in body contour in near-ripe specimens. By slight pressure, milt
may be extruded from male fish during several months, usually from
October onwards. Spawning usually takes place in October or November,
but if there is no rise in water level it can be delayed until late in the
summer when conditions are favourable. Fecundity is high and a 2 kg fish
will yield up to half a million eggs. At spawning the male fish, sometimes
two or three in number, follow the female near the surface of the water.
Activity and speed increase and the fish may break the surface.
Unfertilized ova are spherical, amber in colour, with an average
diameter of 1-2 mm. The fully water-hardened eggs have an average
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diameter of 2-8 mm and the chorion has a matt surface. The eggs are
spherical, colourless, transparent, non-adhesive, and pelagic, although
they will come to rest on the bottom in still water. The yolk averages
1 -2 mm in diameter and the oil globule 0-55 mm (Plate 8:3d). Hatching
is rapid and takes about thirty hours at temperatures between 22 and
3 1°C. The newly hatched larvae, which have an average length of 3 -6 mm,
are poorly differentiated, with an unformed mouth, and lack pigmentation.
The larvae have almost become transformed to young fish by the
eighteenth day after fertilization, when they average 1 • 1 cm.
Feeding begins about six days after fertilization, and larvae take both
phytoplankton and zooplankton. Adult fish are omnivorous and at times
may feed extensively on zooplankton, particularly on the larger ostracods.
Shrimps (Macrobrachium spp., and atyids), filamentous algae, and aquatic
plants are more commonly found in stomach contents.
Silver perch provide good sport and can sometimes be caught in large
numbers. They make good eating: the flesh is white, and firmer and drier
than that of the cod and golden perch.
They handle well, although after netting in warm weather, with water
temperatures above 20°C. (or even at lower temperatures when large
numbers are netted in one drum net), mortalities can be heavy. In early
summer it is not uncommon to see sick and fungus-infected fish floating
near the surface. Unaccountable mortalities have occurred several times
after spawning in ponds at Narrandera. These fish give an annual yield to
the commercial fishery of from 22,500-45,000 kg and are captured com
mercially in drum or gill nets. Silver perch show good possibilities for fish
farming in Australia.

5. The western carp gudgeon — Carassiops klunzingeri
Ogilby, 1898 (Plate 8:4)
This species is often a greenish colour, but varies considerably; the male,
for example, has red edging to the fins, particularly at breeding time, and
the fish is somewhat transparent. The scales of the back and sides have
dark marginal spotting, and there is a row of dark vertical bars at the base
of each scale along the middle of the sides. There is a black spot in the
axil of the pectoral fin.
The body is elongate and moderately compressed, the mouth is small
and oblique. Teeth are minute and in villiform bands in both jaws. Several
rows of small pores are found on the cheek, operculum, snout, mandible,
and around the eyes. The second dorsal fin is higher than the first, pointed
posteriorly in the male and rounded in the female. The scales are of
moderate size and ctenoid, the operculum scaly, and the cheeks have
rudimentary scales. The illustrations (Plate 8:4a, b) clearly show other
differences between the sexes.
This species is widely distributed and very common and abundant
throughout the whole Murray-Darling River system except for streams at
the highest altitudes. It is found in dams, lakes, and canals as well as the

a

b

b'late 8:3

(a) Catfish embryo thirty-four hours after fertilization. Note thick
chorion, embryo on right of yolk, and yolk plug at bottom (i.e. blastopore
not yet closed). Diameter 3-2 mm; (b) a golden perch just hatched.
Note large oil globule at front of yolk. Total length 3-2 mm; (c) Murray
cod embryo removed from chorion five days after fertilization. Total
length 6 mm. Note long tube-like heart between head and main oil
globule; (d) a silver perch about to hatch. Total length 3-6 mm. Note
small oil globule at rear of yolk. Diameter of eggshell 2-8 mm.
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river itself. The species, which grows to a length of only about 6 cm, is
used as an aquarium fish and will breed in tanks. In rivers and ponds,
spawning occurs when temperatures rise to a little over 22-5°C. in the
shallows. Eggs are deposited on aquatic plants, grass, or twigs at depths
of from 5 to 15 cm. Ovaries from this species contain from 1,000 to
2,000 ova, depending on the size of the female. Maturity is reached at
one year, and the pale amber ovaries can be seen through the semi
transparent body wall.
The fully water-hardened eggs are minute and slightly ovoid in shape,
the diameter varying from 0-44 to 0-53 mm. The number of oil globules
varies from two to five. At early stages of development there are usually
four oil globules which coalesce to one or two at later stages. The yolk
tends to be irregular in shape and may measure up to 0-30 mm across
(Plate 8:4c). At temperatures ranging from 18 to 23°C. hatching takes
forty-eight hours. The newly hatched larvae are very tiny, averaging only
1 •9 mm in total length, and are transparent, colourless, and undeveloped
(Plate 8:4d). They float down very slowly head first in a vertical position
in still water, and every 10 to 60 sec they turn around 180° and ‘swim’
upwards for 1 to 5 cm. They then turn through 180° and float down once
more. If there is any water movement they float around helplessly.
Adult fish will feed on cladocerans and copepods, but the young stages
of the species are themselves very important as food for young Murray cod
when that species is 2 to 5 cm in length.
Male fish are quite aggressive and guard the eggs from other small fish
and shrimps (Macrobrachium) , some of which are larger than the gudgeon.
The males may also force a current of water over the eggs and when
doing this they assume a vertical position with the head either up or down.
The species is quite hardy and can be handled readily.
As the eggs of western carp gudgeon are attached to objects in very
shallow water, many are dried and consequently killed following the minor
falls in river level so common because of irrigation demands. The
abundance of Murray cod must be greatly influenced by the success of
the spawning and survival of this species, since the gudgeon usually
breeds within about two weeks of the spawning of the Murray cod.
Much, of course, depends on weather at this time, but it is not unusual
for the shallows, near the edge of the floodwaters, to heat within a few
days the extra few degrees necessary for the spawning of the gudgeon.
Once the cod have outgrown the plankton-feeding stage, small fish,
shrimps, and other invertebrates must be available if they are to survive.
This has been shown to be a critical period in the rearing of predaceous
fish such as muskellunge (Esox masquinongy) and the northern pike
(E . lucius) in the U.S.A. (Schumann, 1963). Given the right conditions,
the western carp gudgeon admirably fulfils the role of forage species for
cod. Additional feeding tests in aquaria have demonstrated the importance
of this small species.
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TEMPERATURE TOLERANCES
Some preliminary experiments have been conducted on temperature
tolerances of catfish, golden perch, and silver perch, the results of which,
it was hoped, would help to explain the distribution of these fish in
natural conditions, and to indicate whether low temperatures or high
temperatures could sometimes kill these species in the field or in ponds.
Could it be, for instance, that catfish do not inhabit cooler highland rivers
because they are too sensitive to cold? Do the very high temperatures
sometimes encountered in summer, in stretches of rivers or pools in which
fish populations are cut off, cause deaths? Can experimental ponds ever
become too hot or too cold for fish to survive in them?
The catfish used were from 6 to 8 cm in length and the golden and
silver perch were about 10 cm in length.
In the catfish experiments, twenty specimens were placed in each of
two aquaria, both having a capacity of 100 1. The fish were then
acclimated for five days at temperatures of 20°C. and 30°C. respectively.
Attempts were then made to increase the temperature in each aquarium
at a rate of 2 to 3°C. per hour. This was not achieved with any great
degree of accuracy because of the type of equipment available at the time.
Dissolved oxygen was kept at saturation point by vigorous aeration.
Table 8:3 shows the results of this work.
TABLE 8 :3 Temperature tolerance of catfish
Time interval

Temperature °C.

(D*

(2)t

(1)*

(2)t

0 hrs

0 mins

20

30

Normal

Normal but quite active

1

0

22

32

Normal

Swimming vigorously

2

0

26

34-5

Very quiet — motionless Much quieter and huddle!
on bottom
together in corners

3

0

31

36-3

As at 2 hours only some Very quiet although swim
lie on sides — fish ming more and spread oit
scattered over bottom

4

10

34-1 37-5

4

40

38 -2

Loss of equilibrium, occa Show first signs of distress
sionally rush to surface
with
rapid
darting
movements,
opercular
movements
rapid —
several fish die

* Fish acclimated at 20°C.

Loss of equilibrium ard
rapid opercular mov:ments lying on bottom —
several fish die
t Fish acclimated at 30°C.
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After the maximum temperatures were reached and several fish died,
the remainder recovered when the temperature was reduced, and they were
still alive and apparently unaffected some weeks later. At high temperatures
(above about 33°C.) all mottling on fish disappears and they become very
light in colour.
At 5°C. catfish become motionless and remain on the bottom even when
temperatures descend very slowly to this value over a period of weeks.
At 3 to 4°C. they lie on their sides and appear to be dead; however, if
they are not left in this condition for more than a day or two, complete
recovery usually follows when the temperature is raised. Prolonged
exposure to temperatures below 4°C., however, results in death.
Golden perch and silver perch were acclimated for seven days at
temperatures of 25 °C., 30°C., and 35°C. Four aquaria were used for
each species and two lots (twenty fish per aquarium of 100 1 capacity)
were acclimated at 25 °C. One of these lots was raised by 1°C. per day.
Under the experimental conditions obtaining there was, despite the
different temperatures to which they were acclimated, little difference
between the final temperatures tolerated by the various lots of fish. And
the behaviour of the fish, during their lethal exposures, varied little.
However, sudden extreme temperature changes can cause sudden death.
For example, golden perch acclimated to 20°C. may be placed directly in
water of 30°C., without mortality. If placed in water at 32-5°C. they
immediately show distress and within an hour lose equilibrium and begin
to die. Even if temperatures are reduced by 5°C. at this stage, all will
die within twelve hours. When temperatures are raised gradually, golden
and silver perch will tolerate 35°C. for long periods and, as noted above,
individuals of these two species were kept at this temperature for seven
days without apparent after-effects.
Golden perch show a maximum activity and swim constantly at tempera
tures between 25 and 27°C. At both lower and higher temperatures they
do not move much. At 36°C. they swim around the aquarium slowly and
cannot be frightened; at lower temperatures they usually rush away on
being approached. At 37°C. loss of equilibrium is just noticeable but all
will recover if the temperature is reduced. At 38°C. sudden serious loss
of equilibrium and death result.
Golden perch larger than 10 cm and in good condition can survive
temperatures near freezing for a few days if the reduction is very gradual.
Smaller fish begin to die within two or three days if temperatures are kept
below 3 to 4°C.
Silver perch also die at 38°C., but at lower temperatures their behaviour
is markedly different from that of the golden perch, since they ‘school’
and swim around continuously, rarely remaining still as the golden perch
do. One other difference is that the silver perch will usually recover if
temperatures are dropped following serious loss of equilibrium, whereas
golden perch die once they have reached this stage. Silver perch can also
tolerate lower temperatures better and will survive at 2°C. for a week
or more, although over prolonged periods small fish become very weak
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and die. Tolerance of these extreme temperatures requires gradual and
considerable acclimation, as sudden temperature changes, particularly
near either extreme, will result in death.
These preliminary tests do appear to indicate that the upstream ranges
of catfish and golden perch are restricted by low temperatures, such as may
occur in the winter months. The tests also suggest a reason for the
occurrence of silver perch at much higher (and cooler) altitudes. It seems
unlikely, however, that river temperatures would ever become high enough
to limit the range of these species.

CONCLUSION
Although our principal fish are endemic to Australia and have become
adapted to the extreme conditions of the environment, their breeding
habits are not unique. Several species in other countries have been seen to
breed as the result of stimuli similar to those which induce spawning in
our native species. This is not remarkable when one considers the effects
of floods on plankton production and the subsequent food supply for
young fish. It is interesting that two of our species, the golden and silver
perch, have also retained the rapidly hatching pelagic egg which is perhaps
more suited to the marine environment. Yet it is also suited to the MurrayDarling River system because of the low gradient of these rivers and the
huge areas which become inundated during large floods which, in effect,
produce inland seas.
If the fishes of the Murray-Darling have any claim to uniqueness it could
possibly be in their extraordinary resilience to the long periods of extremes
of drought and flood. Populations can be reduced to a very low level yet
recover rapidly in suitable conditions. Not, perhaps, in spite of this adapta
tion but because of it, the future for many native species, at least in some
areas, is not bright. Water conservation, flood control, and other changes
to the habitat have already made their mark on the native fish and this
trend is likely to increase. The Darling River is one which is less likely to
be affected by dams and weirs, even if they are constructed on this river,
since temperatures and floods will not be reduced as much as in the more
southerly rivers. This is due to the absence of high mountains at the
source, the nature of the watershed and rainfall, and the length and gradient
of this river.
It is not even remarkable that so few species exist in this huge system,
because the conditions for survival must, at times, have required a reason
ably vigorous ancestry! The principal fishes have an edible quality superior
to most freshwater fishes throughout the world, and particularly to those
found in Asia and Europe. When additional studies of their biology have
progressed they could be farmed with advantage in the tropical countries
of Asia where their fastest growth would probably be continuous through
out the year.
Research on our fish over the past few years has certainly shown that
we cannot rely on anecdotal information and on what seems obvious and
probable. Nearly all the older ideas have proved wrong! Cod make nests
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in mud; catfish eggs are adhesive; it is probably impossible— certainly very
difficult— to breed native fish; introduced fish have caused depletion of
native species; European perch eat the ‘spawn’ of native fish; fishing
pressure is too heavy; anglers kill too many small fish— and so on. It now
seems doubtful if there is truth in any of these statements. Further research
will tell.
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SOME CONSEQUENCES OF EUROPEAN
SETTLEMENT

9
Introduced Fish Species in Australian
Inland Waters
A. H. Weatherley
and
John S. Lake
In the 179 years of Australia’s history amazingly little attention has been
paid to the general biology of the unique fish fauna of its rivers, estuaries,
lakes, and ponds. From the first, anglers and acclimatizationists were
primarily concerned to establish here numerous fish species already
familiar to them in the northern hemisphere. Many conservationists now
consider this a major tragedy for the indigenous fish. Whether or not this
view is justified, introduced fish have certainly flourished in Australian
inland waters, incidentally furnishing us with a remarkable opportunity
for an ecological evaluation. In the successes and distributions of these
introduced species we can hope to see tested— on a vast scale— some of
the ideas frequently used to interpret the present status of these same
species in the regions of their origin.
As the existing accounts of introduced fish (e.g., Roughley, 1951) are
historical and anecdotal, rather than ecological and analytical, we shall
attempt to give a fairly complete account of their present occurrences and
general biology under Australian conditions (see also ch. 10) which may
be of some ecological value in itself, and may also provide a background
against which to view future assessments of native species.

THE SPECIES
There are nine self-maintaining species of introduced freshwater fish at
liberty in Australia:
Common Name
Species
Brown trout
Salmo trutta L.
Rainbow trout
Salmo gairdneri Richardson
European or common carp
Cyprinus carpio L.
Crucian carp
Carassi us carassi us (L.)
Goldfish
Carassius auratus (L.)
Tench
Tinea tinea (L.)
Roach
Rutilis rutilis (L.)
European perch, redfin
Perea fiuviatilis L.
Gambusia affinis (Baird and Girard) Mosquito fish
In addition, the Quinnat salmon Onchorynchus tschawytscha Walbaum
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has been placed in a few landlocked Victorian lakes (notably Lakes
Purrumbete and Bullen Merri), though it is completely dependent for
survival upon continual restocking. Early efforts to establish the Atlantic
salmon Salmo salar L. in Australia were unsuccessful for various reasons.
In 1864 from ‘100,000 salmon eggs, 3,000 fry were eventually liberated,
but they probably later went to sea and did not survive’ (Roughley,
1951). Attempts were made to introduce Atlantic salmon into Tasmania
in 1864, 1866, 1884, and 1888. ‘Yet in spite of the total of nearly half a
million salmon ova that were imported it is almost certain that none has
survived’ (Nicholls, 1961). As neither of the salmons can be regarded as
successful introductions they will not further concern us here. However, it
should be mentioned that a ‘landlocked’ race of Atlantic salmon is cur
rently being tested for suitability in the south-eastern highlands and may
yet prove to be a success.
For some of the nine principal species the amount and accuracy of infor
mation are much greater than for others, and for these, ecological evalua
tion can be correspondingly more detailed. Much of this chapter deals
with the fish populations in New South Wales, Victoria, and Tasmania.
The bulk of Australia’s permanent freshwater systems are in these states,
and introduced fish have naturally been most successful in them. Ranges of
the species present in Tasmania, though mentioned in the text, do not
warrant separate diagrammatic treatment. Where species are known to
occur other than in regions shown in Fig. 9:1 or in Tasmania this will be
mentioned unless considered unimportant for our purposes. We can say
generally, however, that such exceptions are few.

DISTRIBUTION AND POPULATION
CHARACTERISTICS
Brown and rainbow trout
Roughley (1951) has summarized the history of brown trout liberations in
Australia. In 1864 they were brought to Tasmania as fertilized ova, and
eggs from the resulting Tasmanian stock were distributed in Victoria,
though it was 1888 before New South Wales waters received brown trout
from eggs produced in Geelong (Victoria). In 1894 rainbow trout eggs
were transferred from New Zealand to New South Wales, and populations
soon became established; eggs from these were then distributed to Tasmania
and Victoria.
In Tasmania trout today occupy habitats of the same types as those in
which they are found in the northern hemisphere, but their main distribu
tion pattern largely results from the efforts of man. Many Tasmanian
rivers contain trout along the whole course from small headstream to
estuary. Some apparently suitable systems certainly lack trout only because
they have not yet been stocked, the fish having so far been unable to reach
them by their own efforts or through other dispersal agencies. Nearly all
larger Tasmanian lakes, and many smaller ones, contain trout, and since
many lakes have streams of appreciable size flowing in or out, the trout
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populations, once established, are usually able to reproduce adequately
and maintain themselves naturally. Trout can live and grow well in large
ponds or farm dams (Weatherley, 1958a), but are unable to persist in
such environments, since absence of spawning facilities prevents them from
completing their life cycle.
In Europe many ecologists tend to think of trout as characteristically
inhabiting higher reaches of rivers rather than the slower downstream sec
tions that are mainly given over to other fish (see Huet, 1954). But this
concept does not apply well to Tasmanian streams (Nicholls, 1958b),
probably because the idea of dividing streams into zones characteristic of
their fish faunas at various levels was founded on big European rivers,
with relatively even and gradual progressions from highland to estuarine
conditions (see also ch. 1). Schindler (1957) pointed out that this Euro
pean zonation is not directly applicable even to British rivers which ‘tend
to be comparatively short and irregular in their courses’. This argument
could apply to most Tasmanian rivers. It seems possible, too, that in the
diversified fish faunas of the large European rivers some degree of inter
specific interaction helps to shape the structure of the communities. By
contrast, in Tasmanian waters only three native fish species achieve
significant size: the eel Anguilla australis occidentals Schmidt, the blackfish Gadopsis marmoratus Richardson and the sandfish Pseudaphritis
d’urvillii (C. and V .). These species are carnivorous and may compete with
trout for food, but apart from eels their numbers (and biomasses) tend to
be small (Nicholls, 1958c, 1961). Members of the family Galaxiidae—
indigenous to Tasmania, and with numerous species— inhabit trout streams,
but are generally too small and few to provide trout with important com
petition for food or space. However, galaxiids certainly serve as food for
some larger trout.
Small highland tributaries of trout streams are often popularly regarded
as ‘nursery streams’— the abode of very young trout. Little actual work
on the structure of the trout population in different sections of river
systems appears to have been published, but Nicholls (1958c) has shown
that in the North Esk River system younger trout do heavily predominate
numerically in the smaller headstreams, with a progressive increase in the
mean age of the population downstream. Nicholls showed this form of
distribution of population to be related to the mean cross-sectional area
of the stream, which naturally increases gradually as the estuary is
approached. The trout population should thus be pictured in the following
fashion: there are reservoirs of juvenile (small) trout upstream and in the
smaller tributaries; these are continually depleted as fish die, or, in growing,
gradually move their territory downstream. The depletions are made good
through the annual reproduction of larger mature trout that temporarily
work their way upstream to spawn, usually returning downstream after
wards. Nicholls’s (1958c) valuable study also provided much information
on trout abundance and biomass.
Some trout take part in summer runs in Tasmanian rivers. Nicholls
(1961) believes that these trout are probably the same ones that frequently
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visit estuaries and the shallow sea. He has put forward an ingenious argu
ment that these fish are the racial equivalent of the so-called ‘sea-trout
of Europe, and indeed there appear to be grounds for believing that these
are the Salmo trutta forma trutta which have a different inherited behaviour
from ordinary brown trout— S. trutta forma fario. Though Nall (1930)
admitted the difference in behaviour (i.e., whether or not they go to sea)
between different stocks of brown trout, calling them ‘migratory and nonmigratory’, he considered this to be due to environmental influences. How
ever, Nicholls (1961) found significant differences in meristic features
between downstream migrant brown trout from the Plenty River and brown
trout from the Great Lake. He believed that differences in rearing tempera
ture were unlikely to have produced the meristic differences (which could
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Known limits of distribution of some introduced fish species in south
eastern Australia. -------- , Salmo trutta, S. gairdneri;
Perea fluviat i l i s ; ................., Tinea tinea; ................. .. Cyprinus carpio. Parts of the
Eastern Highlands with an altitude of 600 rn and more are shaded. _
Key to numerals: 1, Macintyre River; 2, Gwydir River; 3, Namoi River;
4, Macquarie River; 5, Clarence River; 6, Macleay River; 7, Hastings
River; 8, Manning River; 9, Hunter River; 10, Shoalhaven River, 11,
Tuross River; 12, Snowy River; 13, Wyangala Reservoir; 14, Burrinjuck
Reservoir; 15, Hume Reservoir; 16, Eildon Reservoir.
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also have been inferred from the work of Taaning (1944)), and suggested
that they indicated a genetic separation between the two stocks. As Nicholls
stressed, his findings are not conclusive, and further work is indicated.
In New South Wales and Victoria both brown and rainbow trout occur
in the tableland streams of the Eastern Highlands, especially above 600 m
altitude (Fig. 9:1). Where there is a steep stream slope from very high
altitudes bringing cold water rapidly downstream, trout can still be found
down to 300 m. In some instances water is kept cool at lower altitudes by
discharges from large water storages: the Murray River below Hume Weir
downstream to Yarrawonga, the Murrumbidgee downstream to Gundagai,
and the Lachlan downstream to Cowra all provide examples. In more
southerly (Victorian) latitudes trout are also present at lower altitudes in
southern coastal streams and in some western district lakes and rivers,
particularly in the Camperdown and Horsham regions, though many lakes
lack spawning facilities, so that the trout fishery depends on restocking.
Trout also occur as far west on the south Victorian coast as Glenelg
River, as well as in the Grampian Mountains.
Most of the trout waters below 1,200 m in the central and northern
parts of the Highlands in New South Wales provide marginal, even lethal,
temperature conditions in some summers (Lake, 1957). The only apparent
exceptions to the absence of trout at lower altitudes in New South Wales
are in the Clarence River near Grafton, the Shoalhaven River, and the
Tuross River. In all these, which run east from the divide, the presence of
trout in lowland reaches, or even in the estuary or adjacent coastal waters,
is almost certainly the result of small numbers being washed downstream
during severe floods. Genuine sea runs of trout are believed to occur
only rarely in most south-eastern Australian coastal waters (Tasmania
excepted), because thermal conditions in summer below 600 m are gener
ally unfavourable. There do, however, appear to be a limited number of sea
runs in Victoria.
Trout sometimes occur in the great river systems that flow west from the
divide across New South Wales. For instance, both species can be caught
along the whole length of the Murrumbidgee River, in the Murray River
to beyond the border of South Australia, or as far downstream as Brewarrina in the Barwon or Darling Rivers. In these cases trout move downstream
from higher altitudes, their lowland abundance being controlled by high
temperatures, which can reach about 30°C. or more in summer. If thermal
conditions did not prevent their downstream abundance then breeding
would frequently require long migrations, as there are no spawning areas
in lowland regions. It seems unlikely that trout could ever become common
below the highlands, and because of their rarity no angler would seriously
think of fishing for them in the lowland rivers.
Apart from all the exceptions and special cases mentioned, trout occur
in nearly all the main tributaries above 600 m of the following rivers:
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Western watershed rivers

Eastern watershed rivers

Clarence
Macleay
Hastings
Manning
Hunter
Wollondilly
Shoalhaven
Tuross
Snowy
There are three other minor occurrences of trout in Australia: in the
Karri country near Pemberton in the south-west of Western Australia; in
some small streams near Adelaide in South Australia (though this region
appears to be very precarious for them); and some at high altitudes in
south-east Queensland near the New South Wales border.
Mcintyre
Gwydir
Namoi
Macquarie
Lachlan
Murrumbidgee
Murray

Tench
Tench were brought into Tasmania in the nineteenth century, and by 1882
were firmly established in certain rivers, as the Report of the Royal Com
mission on the Fisheries of Tasmania reveals (see Weatherley, 1959).
The present distribution of tench in Tasmania has already been described
and illustrated (Weatherley, 1959, 1962). They are restricted mainly to
two major river systems and one lesser system, all of which possess still
and weedy areas of the kind preferred by tench in Europe. Indeed,
the tench is absent from the rapid rivers flowing north into the sea from the
Tasmanian Central Plateau, unless present in isolated suitable spots to which
it has been introduced by man. For that matter it is absent from most of the
shorter coastal rivers all over the State. It is unable to live in rivers where the
flow of water is too rapid, and needs, moreover, beds of rooted aquatic plants
in which to deposit its ova. These are lacking in faster streams. So limited is
the ability of tench to live in fast-flowing water that, as much trapping revealed,
its occurrence is frequently very patchy even within one river.
In Tasmania the pattern of tench distribution appears to be due to its having
succeeded only in predominantly slow rivers . . . , and it has been quite unable
to colonise lakes in the highlands by moving into them through outflowing
rivers. Several other rivers than those inhabited by them would appear suitable
for, yet lack, tench populations. This lack is almost certainly due to man’s
failure to distribute tench to them. It is extremely unlikely that tench could
aid their own dispersal by swimming along the coastline to new river systems,
since as experiments have shown (Weatherley, 1959), they cannot tolerate
salinities of more than about 14-58°/00 for an extended period. This is less
than half the salinity of sea water (Weatherley, 1962:713-14).
Tench were introduced into New South Wales in 1886. They have bred
successfully only to the west of the divide in the waters of the MurrayDarling complex. Fig. 9:1 shows the present limits of their range, except
for patches in the west of Victoria. It must be emphasized, however, that
their distribution within this range is discontinuous: there are high popula-
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tion densities in relatively sluggish and weedy river stretches, but they are
comparatively rare elsewhere. Consequently, tench are few and far between
in the main fast flowing sections of the principal rivers, though abundant
in lakes lying beside the rivers and in slow tributaries. They are common
in the Lachlan River just above its confluence with the Murrumbidgee,
where the former spreads out in large swampy and weedy canals. In Vic
toria and New South Wales, just as in Tasmania, tench are missing from
the highland reaches of the rivers in which they are found lower down.
Despite the importance of aquatic plants as oviposition sites, these are
apparently not absolutely essential for spawning. Lake has found tench able
to spawn on the bare mud of an experimental pond at Narrandera, New
South Wales. However, few young fish resulted; this accords with Weatherley’s (1958b) observations that tench were not able to spawn successfully
in Tasmanian farm dams.

Perch
‘The first introduction of perch into New South Wales was in 1888,’ but all
‘the English perch on the mainland apparently originated from seven speci
mens introduced into Victoria in 1868’ (Lake, 1959).
The present distribution of perch in Australia has been dealt with in a
zoogeographic study of Perea spp. by Weatherley (1963c). However, we
can note here that in Tasmania, to which P. fluviatilis was introduced in
1862, the distribution of the species generally resembles that of the tench
(already described elsewhere). Essentially, this distribution pattern can
be similarly interpreted: perch are bound largely to slow-moving rivers and
excluded from highlands by unfavourably steep stream gradients (see
Fig. 9:1).
In New South Wales and Victoria perch are a widespread species,
common throughout the major rivers to the west of the divide except for
most of the Darling. Weatherley (1963c) has analysed this distribution in
terms of the ecology and physiology of the species, here only certain essen
tial points need be considered. However, some additional information has
been obtained since this earlier paper, and it needs brief consideration.
At Wilcannia, the northernmost point in the Darling for which positive
(though very rare) records of perch exist, summer water temperatures up
to 31°C. have been recorded, whereas earlier records suggested that
temperatures did not exceed about 29°C. Still farther north, water temper
atures may be yet higher. Recently, too, Lake has found maximal temper
atures of 29-30°C. in the Murrumbidgee at Narrandera. These facts do not
invalidate Weatherley’s (1963c) hypothesis that high temperatures influence
perch distribution on the Australian mainland. Actually, river temperatures
of about 31°C. coincide more exactly with laboratory experience of the
heat death of perch than do temperatures about 29 °C. (Weatherley,
1963b). Furthermore, 29-30°C. for the lower Murrumbidgee, though cer
tainly near the thermal limit, should not necessarily restrict the distribution
of the species.
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Perch are not generally found in the rivers of the Eastern Highlands,
though the precise reason for this is not always clear. Sometimes they may
be kept out by large reservoir dams, e.g., the Wyangala and Burrinjuck
Dams on the Lachlan and Murrumbidgee Rivers, respectively. But even
if such dams act as primary barriers, it is unlikely that perch would pene
trate, or survive in, many of the highland streams of the Highlands. Stream
velocities seem generally too high, and suitable plant beds and shelter are
rather scarce. It is very significant that the only streams in the highlands of
New South Wales which support perch are the Coolumbooka and Bombala
Rivers— tributaries of the Snowy River. Both are relatively slow flowing
and contain large areas of aquatic plants. No barriers exist which would
prevent perch from moving the rather short distance to the rapidly flowing
Snowy River, yet they do not occur in this stream. Whether the absence of
perch in rivers on the coastal side of the divide is due merely to failure to
release them there or to unsuitable habitat conditions is not evident. From
appearances some of these rivers seem not unsuitable.
In the rivers they inhabit perch have, in most years, a distribution
pattern that depends on the various habitat conditions. Generally they are
most abundant in still or sluggish water among or near weeds. But in years
when extensive and prolonged floods (a significant feature in the ecology
of Australian rivers) tend to reduce or mask variety of habitat, by super
imposing a more uniform set of conditions upon large sections of rivers,
very large numbers of perch can be found distributed more or less uniformly
along the rivers. The Murray, Lachlan, and Murrumbidgee all demonstrate
this phenomenon from time to time.
Perch were released recently in Beardy River on the Northern Table
lands in New South Wales. In this river, a tributary of the Mcintyre, they
are apparently flourishing; it is, however, a very sluggish stream with
extensive areas of rooted aquatic plants. Though the Mcintyre is part of
the upper Darling system, it is unlikely that perch could enter the Darling
proper by this route, since once away from the moderate climate of the
Highlands we believe that summers would be too hot for the species to
survive. However, perch might be able to penetrate into other tributaries
of the upper Darling to a limited extent by moving downstream from
Beardy River in the cooler part of the year to junctions with other rivers,
then moving up these other tributaries to more favourable summer temp
eratures. It will be interesting to see whether some such dispersal takes
place over the next few years.
The range limits for perch shown in Fig. 9:1 also differ slightly from
those shown by Weatherley (1963c), in that perch do occur in certain
streams to the east of Melbourne as well as to the west.

Crucian carp and goldfish
Crucian carp and goldfish, both Carassius spp., were introduced into
Australia about 1876 (Lake, 1959). Fig. 9:1 does not show their ranges,
but they occur very generally throughout New South Wales and Victoria.
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Though their distribution is rather patchy in the highlands, they are fre
quently found in the more sluggish tableland streams and in dams, shallow
lakes, and lagoons. The only restrictions upon their distribution in the
waters of New South Wales and Victoria appear to result from unfavour
ably rapid water in the more extreme highlands. Both species are found
in Tasmania, but their distribution is so slight and fragmented that it
reflects, as yet, no play of zoogeographic influences. They are also wide
spread in South Australia, Queensland, and Western Australia.

European carp
Figure 9:1 shows the main riverine range of Cyprinus carpio in New South
Wales. Though not so indicated in the map, the species is also found in
Prospect Reservoir (Sydney’s drinking water supply), in old quarries on
the northern side of Sydney, and in the Murray River. It is rare in main
rivers, but present though not abundant in irrigation channels of New South
Wales.
In Victoria the European carp was released in many farm dams and
in some commercial fish ponds in 1960 but has since been pronounced a
pest. The Victorian Department of Fisheries and Wildlife has recently been
pursuing a State-wide extermination programme.

Roach
Little is known of the biology of this species in Australia, but it has a very
restricted range mainly in the Yarra River in Victoria (which flows through
Melbourne) and it occurs rarely in the Murray system.

Mosquito fish
Gambusia affinis is everywhere in rivers throughout New South Wales and
Victoria, except for the tableland streams, where winter temperatures are
thought to be unfavourably low for mosquito fish, and in particular may
affect the reproductive cycle. Mosquito fish also avoid rapid waters. Thus
it seems likely that the highlands are both climatically and topographically
unsuitable for them.

GROWTH
It is difficult to make valid comparisons of the growth of introduced species
of fish with their growth in their places of origin. In any region ‘flexibility’
is a fundamental property of the growth of fish, and it finds expression in
response to varying degrees of competition, food availability, physico
chemical conditions of the environment, etc.
Sufficient data have recently become available for three species of intro
duced fish (rainbow and brown trout, tench) to compare their growth in
Australia with that in other countries.
0
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Trout growth
Nicholls (1957, 1958a, 1958b, 1958c, 1961) has published much
information on trout growth in Tasmania, while Lake (1957) has done
the same for New South Wales. To illustrate the characteristic ranges of
growth in both States, representative curves are shown in Fig. 9:2. Con
trasted with these are some growth curves for British trout, also selected as
reasonably representative. It seems evident that trout usually grow more
slowly in Britain than in Australia.
Most of the fish Nicholls studied were brown trout, while Lake worked
on both browns and rainbows but as he found little difference in growth
between the species he combined his data. Perhaps rainbow trout grow
somewhat more rapidly than brown in British waters (Worthington, 1941),
but the general order of growth of the two species where they occur
together, seems not dissimilar. Figure 9:2 is, therefore, probably a fairly
reliable guide to the pattern and rate of growth in the two Australian States
as compared with Britain.
There may be several ways in which we could account for the growth

A ge (yr)
Fig. 9:2

Growth of trout in New South Wales (------- ), Tasmania (--------), and the
English Lake District (.............). The numbered curves are based on the
work of the following authors: 1-3, Lake (1957); 4, Nicholls (1961) for
Plenty River Fish; 5 and 6, Nicholls (1958b) for Meander and St Patrick’s
River fish respectively; 7, Allen (1938) for Windermere trout; 8, Frost and
Smyly (1952) for trout from Three Dubs Tarn; 9, Swynnerton and Worth
ington (1939) for Hawsewater trout.
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Mean monthly maximum and minimum air temperature curves for Keswick
(English Lake District), Hobart (Tasmania), and Canberra (Australian
Southern Tablelands). Data obtained from Tables of Temperature, Relative
Humidity and Precipitation for the World, Air Ministry Met. Off., 1958.
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differences, but here we shall postulate the importance of the effects off
temperature. Though the air temperature of a given region will not cor
respond precisely with water temperature, a general resemblance betweem
them can often be assumed, Figure 9:3 gives curves of maximum and
minimum air temperatures for Canberra, Hobart, and Keswick. Canberra
is roughly at the centre of the Southern Tablelands at an altitude of abou.t
600 metres and its climate is probably reasonably representative of thie
whole region of the New South Wales trout streams. Some of the more
northern streams will, of course, have climates with milder winters; others
at higher altitudes than Canberra will have somewhat cooler climates. Buit
Canberra appears to be a fair compromise choice to represent the regiom
as a whole. We advance the same general line of reasoning to account fo>r
the choice of Hobart to represent Tasmania. The British trout growths
graphed in Fig. 9:2 were obtained with fish from populations in or nea.r
the English Lake District, Keswick therefore being a suitable site fo*r
indicating the general climate of the region.
There are some clear differences between the three sets of air tempera
ture curves in Fig. 9:3. For instance, though midwinter minima are very
similar in Canberra and Keswick, Hobart conditions are somewhat warmer,
while Canberra and Hobart (particularly the former) have higher maxima
at all times of the year than has Keswick.
Recent work on temperature and trout growth suggests that we cannot
adopt a simple view of the relationship between them. Merely because
general conditions in Tasmania and in the New South Wales highlands are
warmer than those of the English Lake District, the better growth in the
Australian environments cannot certainly be attributed mainly to them.
Furthermore, as Brown (1957) pointed out, there is some evidence for
two optimal temperature ranges for trout growth. Recently, however, Swift
(1961) demonstrated very convincingly a single optimal level of tempera
ture— around 12°C.—for growth of brown trout in the Windermere region,
though he cautiously pointed out that critical temperatures for growth
could also depend on past thermal experience of the fish.
TABLE 9 :1 Air temperature data for British and Australian trout regions
Place

Keswick
Hobart
Canberra

Period for which mean minimum daily air
temperature exceeds:
8°C.
12°C.
16°C.
31 months
51
5

5f months
10
10

31 months
7
71

Let us assume, however, that Swift’s findings are applicable to our
present problem and draw horizontal lines on the three sets of temperature
curves in Fig. 9:3 at the levels 8, 12, and 16°C., in accordance with the
three levels of temperature in Swift’s experiments. If 8°C. be assumed the
approximate minimum at which active growth can take place we can

INTRODUCED FISH SPECIES

229

tabulate (Table 9:1) the different periods in the three regions for which
minimum air temperatures exceed 8°C. Table 9:1 also shows the periods
each year for which, at each site, at least 12°C. and 16°C. are reached or
exceeded each day. Assuming that a reasonable correspondence with water
temperatures exists, it looks as though temperatures in the Australian
regions would be more favourable for active trout growth. If, however, we
were to argue solely on the evidence of British experience, the continued
achievement of high spring, summer, and autumn temperature maxima in
a place such as Canberra could actually seem to operate against the main
tenance of high growth rates. On the other hand, Nicholls (1957) showed
active growth in Tasmanian trout to proceed up to about 20°C. If this
indicates thermal adaptation of trout to the Australian climate we could
reasonably expect such an effect to be enhanced in New South Wales
trout.
We appreciate that in tentatively suggesting temperature as the factor of
overriding importance in influencing growth rate we may be oversimplifying
the situation. Differences of food supply, competition, relations to predators
and prey, and in other physical and chemical factors of the environment
than temperature, may all, alone or in combination, have significant effects.
Indeed, in some places in the British Isles the rate of growth of trout may
bear comparison with any but the most rapid in Australian waters (e.g.,
Healey, 1953). Does this invalidate the hypothesis on the effects of climate
or are other more local factors of the kind suggested having an important
influence?
The well-known principle that population density in particular may
influence growth to a very large extent, was clearly recognized by Lake
(1957) in his study of New South Wales trout streams. Allen (1961)
refers to New Zealand trout waters which have extensive feeding grounds
(usually lakes) in relation to spawning areas where trout may be both large
and numerous; where there is abundant spawning ground in relation to the
food supply (usually streams) trout may only reach a small size. However,
Lake (1957) has shown that, in New South Wales, the best spawning areas
for trout are frequently in the highest and coldest streams, which also have
poor food supplies. Although topography and soil types largely determine
the spawning facilities and abundance of food, low temperatures are
inevitably associated with these conditions in New South Wales. So it could
be said, at least for New South Wales, that temperatures are related to,
even if they do not directly determine, such factors as population density,
spawning success, food abundance, and even survival.
The closeness of the relationship between water and air temperatures
depends on the altitude of the source of a river, whether or not it is snowfed (which it could be throughout the summer in some instances), and
the grade of the stream and, therefore, the speed with which it descends
from higher (cooler) altitudes.
In general support of the idea that temperature and rapidity of fish
growth are related in nature we have the recent demonstration of Le Cren
(1958) . By ingenious use of statistical procedures he showed that even in
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perch (P. fluviatilis) populations in which density was changing year by
year, growth was clearly ‘correlated with variations in summer water
temperature measured as degree-days over 14°C. Regressions of growth
on temperature accounted for up to two-thirds of the year-to-year variation
in growth.’
In addition, the general comparisons of growth are for three very large
regions, so that differences due to special local factors are rendered rela
tively unimportant, while general climatic conditions will be the most
consistent differences distinguishing them. Accordingly, we tentatively con
clude that general regional differences between trout growth rates can be
accounted for primarily in terms of climatic differences. It is perhaps of
little practical importance whether the effect is directly produced by
temperature or indirectly through the effects of temperature on food
production.
It is interesting that growth of trout in New Zealand, whose climate
resembles that of Tasmania rather than of New South Wales or Britain,
is similar to that in Tasmania (e.g., Parrott, 1932; Phillips, 1931; Allen,
1951).

U.S.S.R.

North G e r m a n

rivers

Tasmanian

A g e (yr)

Fig. 9:4

Growth of tench in Europe and Tasmania compared

rivers
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Tench growth
Figure 9:4 shows the growth of tench in Lake Tiberias and the Coal River
— i.e., two wild populations of Tasmanian tench— as clearly inferior to
that characteristic of tench in Europe (data from Weatherley, 1959; Rosa,
1958; Rosier, 1959). Tasmania has a temperate but not especially cold
climate, and as the European growth curves are based on populations in
northern regions it is unlikely that thermal conditions could account for
the comparatively poor Tasmanian growth. Moreover, in contrast to wild
populations, the growth of tench in Tasmanian farm .darns was nearly as
rapid as that of European tench, and Lake has found tench to reach a
length of 26-7 cm in thirteen months and 34-6 in eighteen months, in
ponds at the Inland Fisheries Research Station at Narrandera, New South
Wales, with no artificial feeding. Water temperatures are high at Narran
dera for most of the year, reaching a maximum of 35°C. in summer and
a minimum of 4 •5°C. for a short period in mid-winter.
Growth data from wild populations are not available for this species in
New South Wales, but it can probably grow more rapidly there than in
Tasmania, as specimens in the weight range 0-5-2 kg are frequently caught
(Lake, 1959), with the occasional considerably larger individual. By
contrast, Weatherley, after several years of trapping tench in Tasmania, had
never taken specimens bigger than about 1 kg, and most were very much
smaller, though reports of larger fish certainly exist. It appears that for
some unexplained reason tench growth rates may be generally low in
Tasmania for, as in New South Wales, European records of relatively
large size fish of this species are common.

Other species
There is little or no knowledge of the growth of other species of introduced
fish. Lake (1959) indicated the sizes that may be commonly encountered
by anglers in New South Wales, and such data suggest that growth rates
may be rapid, particularly in such species as perch and roach; specimens
of the former have been recorded as weighing more than 10 kg at capture,
though the common range is 0-25 to 1-5. In ponds at Narrandera perch
have attained a maximum length of 35-3 cm when twenty-two months old
without any artificial feeding.

FOOD
Trout
In Australia, brown and rainbow trout have the same varied, almost wholly
carnivorous food habits as in the northern hemisphere (Butcher, 1945;
Evans, 1939; McKeown, 1934). It would be meaningless to list the parti
cular items ingested, proportional quantities of which doubtless vary with
their relative abundance and availability. But, as experience elsewhere also
indicates, in those few instances where they ingest vegetable material,
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Australian trout evidently do so only incidentally to their feeding on
animals. As might be expected, brown trout eat many more animals of
terrestrial origin than rainbows, and also take a greater variety (Butcher,
1945). However, we can safely conclude that neither species has developed
any food habits in Australia that distinguish them from their ancestral
stocks in the northern hemisphere.

Other species
Cyprinus carpio is essentially a bottom feeding omnivore, though it certainly
favours animal foods (Butcher, 1945; Lake, 1959). Schaeperclaus
(1933), in his authoritative treatise on fish culture, described this species
as mainly a mollusc and insect feeder, so it seems likely that plants
ingested may be incidental. Crucian carp and their very close relatives, the
goldfish, are detritus and vegetable feeders in Australia, though they also
take small animals. Lake (1959) indicated a more carnivorous role for
goldfish than for Crucian carp, but it now seems more probable that their
diets are closely similar. Weatherley found Crucian carp in a situation near
Canberra feeding on algae, while about thirty miles farther north, members
of another population were eating detritus from the stream bottom.
Tench are popularly known as omnivores that eat plants and animals
(e.g., see Schindler, 1957; Rosa, 1958). Yet Schaeperclaus (1933)
described them as carnivorous in fish ponds and Weatherley (1959)
doubted that they really require plants at all. Weatherley’s examination of
tench gut contents suggested a wide-ranging carnivorous habit (essentially
bottom feeding), with a tendency for larger fish to eat larger animals.
Experimental evidence was adduced to show that three species of higher
aquatic plants were not used as food by tench. It is in the light of these
observations that the feeding of this species should probably be considered.
Roach are mostly bottom feeders in Australia, but in warm weather
will take terrestrial insects at the surface (Lake, 1959). In Britain they are
omnivores, with some preference for vegetable food (Hartley, 1947), and
their European diet is evidently much the same.
Perch in Australia, as in Britain and Europe, are basically carnivores
consuming a wide variety and size range of animals, but in many popula
tions fish come to predominate in the diet of larger perch (e.g., Allen,
1935; Deelder, 1951; Lake, 1959).
The mosquito fish feeds at the surface on small insects and their larvae,
including mosquitoes (Lake, 1959).

SPAWNING PERIODS
There is an extensive literature on effects of temperature, day length, ard
other environmental variables on the reproductive cycle in fish. In this
connection spawning periods assumed by species introduced to Australa
are of interest. A detailed review of the scattered information on northern
hemisphere breeding cycles would be irrelevant, though Fig. 9:5 does
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compare seasons in which various species breed in both Australia and the
northern hemisphere.
Inversion of the seasons in Australia has pushed the spawning cycles
about six months out of phase with those in the northern hemisphere.
Spawning, therefore, occurs in approximately the same seasons in both
hemispheres. All of the nine successfully introduced species therefore sur
vived this environmental modification of their reproductive biology, and
though the mechanisms underlying the development and maturation of fish
gonads are essentially endogenous, we evidently have here an excellent
demonstration that the influence of the external environment is vitally
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Spawning periods of fish introduced into Australia (black bars) compared
with their spawning periods in the northern hemisphere (shaded bars). The
diagonally shaded bar for perch is intended to indicate that spawning may
occur over this period, though the major part of the spawning periods,
anyway in New South Wales, is restricted to August. British and European
data are mainly from Hartley (1947), Le Cren (1951), Lake (1959),
Schindler (1957), and from previously unpublished observations. The Aus
tralian information is based mainly on Nicholls (1961), Lake (1959), and
Weatherley (1959), and on formerly unpublished observations.
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important in determining the timing and duration of these processes in
three different families of fish.
The ‘early’ spawning of both perch and European carp in Australian
waters is based on Lake’s experience of them in the waters of New South
Wales. Comparatively mild conditions in winter and spring may be the
main influence in producing this early maturation.
Lake has also found that at Narrandera perch spawn in experimental
ponds as temperatures reach about 12°C. This usually happens towards
the end of August. In 1961 perch bred in a pond devoid of aquatic plants,
but eggs were attached to bundles of twigs placed in the pond. In 1962
aquatic plants had become luxuriant in the pond and were used for oviposition— the bundles of twigs being now completely ignored.

DISCUSSION
The most widely interesting result of introductions of fish into Australia is
probably the establishment of the self-maintaining, rapidly-growing trout
populations in the streams of the Eastern Highlands. As populations, these
fish are fairly strictly confined to highland regions by the effect of high
summer temperatures. The absence of spawning facilities in the more low
land regions could also be a factor, as even if temperatures are low enough
to allow a survival in some of these areas, migrations back to headwater
regions are prevented by weirs and dams. Clearer examples of the power
of limiting factors to impose zoogeographic barriers on animals are not
often seen.
Trautman (1957) indicated the influence of similar forces in moulding
distribution patterns of brown and rainbow trout in North America. There,
on the west coast, the rainbow trout originally occupied rivers running west
from the Rockies into the Pacific as far south as central California. In
south-eastern Australia, however, rainbow trout cannot survive in most
coastal streams, undoubtedly because the climate is much warmer than in
western North America, except in California. And even in California many
rivers flow from very high mountains where cool conditions constantly
prevail. Where attempts have been made to establish rainbow trout in
North America beyond their original range, climate has had important
influences. They live in streams that drain the eastern slopes of the Rockies,
in north-eastern U.S.A., and in south-eastern Canada, but few are found
in central North America, where both high summer temperatures and
absence of spawning facilities make their survival difficult.
Trautman (1957) also showed that brown trout, an introduced species
in North America, have today a distribution similar to that of rainbow
trout, for essentially similar reasons. In Africa and India, too, trout are
able to survive at high altitudes where the conditions are not too hot, even
in waters close to the equator.
We can conclude that there is nothing in the distribution and range of
the trout populations of the Australian mainland, almost completely isolated
as they are in the highlands, that is incapable of a straightforward inter-
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pretation. Indeed, their present distribution might have been pretty accur
ately predicted in terms of what was known of their natural history even in
the nineteenth century.
Australia’s merit as an ecological ‘proving ground’ for freshwater fish
lies in the great size and therefore great geographical range of its river
systems. The distribution of perch today reflects with rare clarity the
influence of two principal limiting factors— climate and topography. Hot
conditions prevent the species from colonizing the whole Darling system,
while the relatively rapid waters of the Eastern Highlands keep it from
most of the stream systems of the tablelands.
In Tasmania the tench has come to occupy much the same general range
as the perch. However, Weatherley, who worked on both species in Tas
mania, always felt that tench were much less evenly distributed than perch
in rivers where both occurred. This relatively discontinuous distribution
could probably be attributed to the sedentary and cryptic behaviour of
tench. Notwithstanding these behavioural peculiarities, tench in so small
a place as Tasmania (6-6% of the area of New South Wales and Victoria
combined), have been able to occupy much the same space as perch. In
the much larger systems of the mainland, on the other hand, the behavioural
differences between perch and tench have, we believe, been reflected in
their present distribution (Fig. 9 :1 ). Within the Murray-Lachlan-Murrumbidgee complex the tench occupies a range rather similar in area to that
of Tasmania, and wholly within the present range limits of the perch.
However, it seems reasonable to predict that in time tench may come to fill
a territory similar to that of perch but that this will require many more
years. It seems quite possible that tench will not be subject to thermal
limitations in their penetration of the Darling River, as are perch, because,
as Lake has shown, tench can survive and grow well in ponds where
temperatures in summer may reach 35°C.
Trout growth in Australia is undeniably spectacular by British standards.
This is probably due to climate. From the fishery standpoint this high rate
of growth is important for, other things being equal (such as recruitment
and mortality rates), it is clear that a fishery based on fast-growing fish
will be able to withstand greater exploitation than one based on slowgrowing fish. On the other hand, certain Australian trout streams—even
some within the main range of trout— are marginal environments: they are
subject to sporadic flooding which may destroy much of the food (Lake,
1957), while some may dry up to a series of pools in summer. Still others
may carry rapidly-growing trout which have, however, poor facilities for
spawning. Lake (1957) provided a full account of the conditions and
limitations in these streams.
Conservationists often insist that introduced fish interfere in various ways
with indigenous Australian fish, to the detriment of the latter. Some typical
criticisms often voiced are:
(i) introduced fish species compete with indigenous fish for food;
(ii) introduced fish prey on native fish and drive them from their home
territory;
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(iii) introduced species modify the environment in a manner unfavour
able to native species.
As to the first, it is certainly possible that carnivorous fish such as the
perch would tend to compete for food to some extent with carnivorous
native species that occupy the same habitats. For example, such largeir
species as the Murray cod (Maccullochella macquariensis (C uvier)) ,
golden perch (Plectroplites ambiguus (Richardson)), silver perch (Bidyanus bidy anus (M itchell)), Macquarie perch (Macquaria australasica
Cuvier), river blackfish (Gadopsis marmoratus Richardson), freshwater
catfish ( Tandanus tandanus Mitchell), short and long finned eels
{Anguilla australis occidentalis Schmidt and A. reinhardti Steindachner),
would be likely competitors for food with P. fluviatilis, wherever they
occurred together. Whether any of these species actually occupy nearly
identical feeding niches with the perch is unknown; but let us suppose
that they do. Weatherley (1963a) has suggested that even if two or
more fish species do occupy the same feeding niche this will usually merely
reduce the growth rate of both competing species. Burnett (1959) has
reported that fluctuations in numbers of trout sufficient to affect their
growth rate through intraspecific competition for food have no measurable
effect on the growth rate of small eels which inhabit the same waters and
appear to compete to some extent with trout for food. Allen (1961) main
tains that if eels have been reduced in some areas it is due to destruction
of cover, not competition. Burnett (1952) showed that cover is a very
important factor controlling eel populations. There appears to be no
reason why competition for food must lead to the extinction of one species
by the other— as is often implied by anglers and, for that matter, by many
ecologists.
P. fluviatilis, in particular, has often been accused of preying on native
species and driving them from their territory. It is the undoubtedly pisci
vorous habit of this species, which intensifies as it grows, that has led to
its indictment as a serious predator. However, all quantitative judgments
about its effects should be based on critical assessments of the particular
population involved. Mere presence of other fish in perch gut contents
cannot, of itself, prove anything about the severity of the effects of the
perch on its prey.
Some have even held that trout have driven native species from systems
they formerly inhabited. But we believe this claim would be hard to
sustain. Let us illustrate our view with a concrete example. The Queanbeyan River, a tributary of the Murrumbidgee near Canberra, is a good
trout stream, having rapidly-growing, self-maintaining populations of brown
and rainbow trout. There is clear evidence that there were Murray cod
and silver perch, native species of high angling importance, in the Queanbeyan some forty years ago. Both species are still abundant, together with
trout, downstream in the Murrumbidgee. It is therefore unlikely that trout
have extinguished them in the Queanbeyan. The more probable explanation
of their disappearance is that the presence of weirs in the Queanbeyan
River now prevents upstream passage of the native species. Though their
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spawning requirements are not completely understood, they apparently do
not usually reproduce in small streams, but need to move into larger
streams and rivers for this. Before the weirs were built then, the native
species would have been able to pass up into the Queanbeyan to live and
grow, and to return to the Murrumbidgee to spawn. This they can no
longer do. Trout, on the other hand, have all their life cycle requirements
within the Queanbeyan itself.
Yet another possibility for confusion exists. Lake has recently established
that silver perch require temperatures in excess of 23-5°C. simultaneously
with rising river levels at breeding time, if they are to spawn successfully
(see ch. 8). Weirs and dams in rivers often have the effect of lowering
the temperature of the water on their downstream side below the levels
that previously prevailed. Such obstacles, while anyway providing a
material barrier to upstream movement, may also remove the native
species’ triggering mechanism for spawning below the dam. Such cooler
water species as trout will of course be unaffected. This is the sort of
example where failure to appreciate relevant facts could readily lead to a
complete misunderstanding of the relationship between trout and native
species.
Another interesting case is that of the European carp which, because
of its special habit of grubbing in the bottom in search of food, is said to
muddy the water seriously, especially in ponds and lakes, spoiling the
environment for native species. There may be substance in this belief, as
far as lentic waters are concerned, and it has led to the Victorian exter
mination policy mentioned earlier (and in ch. 10). But Lake has noted
that many rivers inhabited by native species are by nature muddy. More
over, native species such as the catfish do much bottom grubbing on their
own account, thereby also contributing to the muddiness.
It is clear that introduced fish species in Australia form well-established
and flourishing populations. Some have been more successful in occupy
ing a greater range than others, but where there is sufficiently detailed
knowledge of their zoogeography it appears that this is usually under
standable from their general biological characteristics. In this chapter
we have assumed that their present distribution and ranges are the results
of biological cause and effect, so that given sufficient knowledge of their
biology a logical analysis of these distributions can lead to fairly full
understanding and explanation. This approach implies an adequate know
ledge of life cycles; paradoxically enough, a more detailed understanding
of introduced species than of native species is therefore oossible, because,
as yet, the ecology of the native species is so little understood. On the
other hand, there is often a wealth of northern hemisphere information on
introduced species, and more work has been done on them locally as well.
There is evidently little difference in breeding, as regards requirements
for oviposition and season, between these species in Australia and in the
northern hemisphere, but there do seem to be some growth differences.
Only for trout is it possible to advance a hypothesis to account for this,
though the hypothesis holds no particularly novel features but seems to
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cover the observed facts in a way which is in harmony with known physio
logical and ecological principles of trout growth.

REFERENCES
Allen, K. R. 1935. The food and migra
tion of the perch (Perea fluviatilis)
in Windermere. J. Anim. Ecol. 4 :
264-73.
----- 1938. Some observations on the
biology of the trout (Salmo trutta)
in Windermere. J. Anim. Ecol. 7 :
333-49.
----- 1951. The Horokiwi stream. A
study of a trout population. N.Z.
Marine Dept. Fish. Bull. No. 10.
----- 1961. Relations between Salmonidae and the native freshwater fauna
in New Zealand. Proc. N.Z. Ecol.
Soc. 8: 66-70.
Brown, M. E. 1957. Experimental
studies in growth. Ch. 9 in The
physiology of fishes Vol. 1 New
York: Academic Press.
Burnett, A. M. R. 1952. Studies on the
ecology of the New Zealand long
finned eel, Anguilla dieffenbachii
Grey. Aust. J. Mar. Freshw. Res. 3:
32-63.
------ 1959. Some observations in natural
fluctuations of trout population num
bers. N.Z. J. Sei. 2 : 410-21.
Butcher, A. D. 1945. The food of in
digenous and non-indigenous fresh
water fish in Victoria with special
reference to trout. Vic. Fish Pam
phlet No. 2.
Deedler, C. L. 1951. A contribution to
the knowledge of the stunted growth
of perch (Perea fluviatilis L.) in
Holland. Hydrobiologia 3: 357-78.
Evans, J. W. 1939. Fish-food investi
gations. Salmon and Freshwater
Fisheries Commissioners’ Reports for
1937-8 and 1938-9 to Parliament of
F rJ t? W arEa'and Smyly, W. J. P. 1952.
The brown trout of a moorland fish
pond. J. Anim. Ecol. 21: 62-86.
Hartley, P. H. T. 1947. The natural
history of some British freshwater
fishes. Proc. Zool. Soc. Lond. 117:
129-206.
Healey, A. 1953. Trout in Lough Rea,
Co. Galway. Sei. Proc. Roy. Dublin
Soc. 26: 157-63.
Huet, M. 1954. Biologie, profils en long
et en travers eaux courants. Bull,
franc. Pisic. No. 175.
Rosier, A. 1959. Biometrische Unter
suchungen an Schleien des Brack
wassers. Zeitschrift für Fischerei und
Deren Hilfswissenschaften Sunder
bruck aus. Band. VIII NF Heft 4-6.

Lake, J. S. 1957. Trout populations and
habitats in New South Wales. Aust.
J. Mar. Freshw. Res. 8: 414-50.
------ 1959. The freshwater fishes of
New South Wales. N.S.W. State
Fisheries Res. Bull. No. 5.
Le Cren, E. D. 1951. The length-weight
relationship and seasonal cycle in
gonad weight and condition in perch
(Perea fluviatilis). J. Anim. Ecol. 2 0 :
201-18.
----- 1958. Observations on the growth
of perch (Perea fluviatilis L.) over
twenty-two years with special refer
ence to the effects of temperature
and changes in population density. J.
Anim. Ecol. 27: 287-334.
McKeown, K. C. 1934. Notes on the
food of trout and Macquarie perch
in Australia. Rec. Aust. Mus. 19:
141-52.
Nall, G. H. 1930. The life of the sea
trout. London: Seeley & Co.
Nicholls, A. G. 1957. The Tasmanian
trout fishery. I. Sources of informa
tion and treatment of data. Aust. J.
Mar. Freshw. Res. 8: 451-75.
------ 1958a. The Tasmanian trout
fishery. II. The fishery of the north
west region. Aust. J. Mar. Freshw.
Res. 9: 19-59.
------ 1958b. The Tasmanian trout fishery.
III. The rivers of the north and east.
Aust. J. Mar. Freshw. Res. 9: 167-90.
------ 1958c. The population of a trout
stream and the survival of released
fish. Aust. J. Mar. Freshw. Res. 9 :
319-50.
------ 1961. The Tasmanian trout fishery.
IV. The rivers of the south and
south-east. Aust. J. Mar. Freshw. Res.
12: 17-53.
Parrott, A. W. 1932. The age and growth
of trout in New Zealand. N.Z.
Marine Dept. Fish. Bull. No. 4.
Phillips, J. S. 1931. A further report on
conditions affecting the well-being of
trout in New Zealand. N.Z. Mar.
Dep. Fish. Bull. No. 3.
Rosa, H. 1958. A synopsis of biological
data on tench Tinea tinea (Linnaeus,
1759). F.A.O. Fish. Div. MS, roneoed
report.
Roughley, T. C. 1951. Fish and fisheries
of Australia. Sydney: Angus and
Robertson.
Schaeperclaus, W. 1933. Textbook of
pond culture. Berlin. (Transl. F.

INTRODUCED FISH SPECIES

Hund, U.S. Fish. Leafl. Wash. No.
311.)
Schindler, O. 1957. Freshwater fishes.
London: Thames & Hudson.
Swift, D. R. 1961. The annual growthrate cycle in brown trout (Salmo
trutta Linn.) and its cause. J. Exp.
Biol. 38: 595-604.
Swynnerton, G. H. and Worthington, E.
B. 1939. Brown-trout growth in the
Lake District. Salmon & Trout Mag.
No. 97: 337-55.
Taaning, A. V. 1944. Experiments in
meristic and other characters in
fishes. I. On the influence of tempera
ture on some meristic features in
sea-trout and the fixation period of
these characters. Medd. Komm.
Havundersg. Kbh. (Fiskeri) 11 (3).
Trautman, M. B. 1957. The fishes of
Ohio. Ohio: Ohio State University
Press.
Weatherley, A. H. 1958a. Growth, pro
duction, and survival of trout in a
large farm dam. A ust. J. Mar. Freshw.
Res. 9: 159-66.
----- 1958b. Tasmanian farm dams in

239

relation to fish culture. CSIRO Aust.
Div. Fish. Tech. Pap. No. 4.
------ 1959. Some features of the biology
of the tench Tinea tinea (Linnaeus)
in Tasmania. J. Anim. Ecol. 28:
73-87.
------ 1962. Notes on distribution, taxo
nomy and behaviour of tench Tinea
tinea (L.) in Tasmania. Ann. Mag.
Nat. Hist. Ser. 13, 4 : 713-19.
------ 1963a. Notions of niche and com
petition among animals, with special
reference to freshwater fish. Nature,
Lond. 197: 14-17.
------ 1963b. Thermal stress and interrenal tissue in the perch Perea fluviatilis (Linnaeus). Proc. Zoo. Soc.
Lond. 141: 527-55.
------ 1963c. Zoogeography of Perea
fiuviatilis (Linnaeus) and Perea flavesens (Mitchill) with special refer
ence to the effects of high tempera
ture. Proc. Zool. Soc. Lond. 141 :
557-76.
Worthington, E. B. 1941. Rainbow trout
in Britain. Salmon & Trout Mag. No.
100, 241-60; No. 101, 62-99.

10

The Changing Limnological Scene
in Victoria
W. D. Williams
INTRODUCTION
Particularly during the past decade or so, zoologists in Australia have
become concerned with the need for an active programme of conservation.
This essay is largely a product of this concern as it applies to the inland
aquatic environment. In it, I want to explain the reasons behind the con
cern, and to survey briefly the nature and effects of the changes past,
present, and future in Victorian inland waters. Although some references
are made to other Australian States, this essay deals specifically with
Victoria. Similar changes are, however, occurring elsewhere in Australia,
so that the pattern of change in Victoria is also broadly applicable to
most of the populated portion of this continent.
Concern over the changing status of inland waters, is not, of course,
confined to Australia. For instance, Frey (1963) has recently urged the
need to preserve in North America examples of natural aquatic areas
before all are altered irreparably, and the International Association of
Theoretical and Applied Limnology has recently (1959) established a
committee to investigate the need to conserve natural aquatic areas in
various parts of the world and to initiate any appropriate action for their
preservation.
Why should we be concerned? In a nutshell, because of the great
scientific interest of our inland aquatic fauna, because progressively larger
areas of its environment are being changed, and because the dangers
inherent in these changes do not seem to have attracted the attention of
conservationists to any significant degree.
In discussions on the need to conserve Australia’s fauna, most concern
seems to be for the larger terrestrial animals, and very little for the
aquatic forms, with the exception of the platypus. Let us consider briefly
the more noteworthy aquatic groups. Until recently, Australia was the
only remaining place where typical syncarid Crustacea (that is the Anaspidacea as opposed to the Bathynellacea) were known to be extant, and
it is certainly the place where they are most abundant; Paranaspides,
Anaspides and Micraspides occur in Tasmania, and Koonunga in Victoria.
Very close relatives of these forms are known as fossils as far back as the
Carboniferous. Australia is the region in which those peculiar freshwater
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isopods, the Phreatoicidea, display both the greatest abundance and num
bers of species. Within the Astacura (Decapoda), one family, the Austroastacidae, is known only from Australia, whilst over half (twenty-eight
of the forty-three described species as listed recently by Balss (1957)) of
the other southern hemisphere family, the Parastacidae, is confined to
Australia. Many primitive and archaic Odonata are known from Australia
— forms such as Petalura. By virtue of the Eustheniidae, Australia is the
main region of distribution of the most primitive suborder of the Plecoptera, the Archiperlaria; and all the more primitive families of the suborder
Filipalpia occur here (Austroperlidae and Gripopterygidae) (lilies, 1962).
Strangely, no families of the remaining suborder, the Subulipalpia, are
found. Three families of the Trichoptera are endemic to Australia
(Plectrotarsidae, Tasimiidae and Helicophidae), and in the Philorheithridae,
confined to Australia and New Zealand, the familial characters cut across
the traditional division of the order into the Aequipalpia and the Inaequipalpia (Mosely and Kimmins, 1953). The primitive Siphlonuridae
(Ephemeroptera) occur here, whilst the dominant Australian family of
mayflies, the Leptophlebiidae, has undergone a most interesting adaptive
radiation, so that species of this family occupy habitats here which else
where are characteristically occupied by other families. With regard to
fishes, we know that, strangely, Australia has only two native truly fresh
water fish, both of which are zoologically of much interest. They are
Neoceratodus, the Australian lungfish, and the osteoglossid Scleropages.
Clearly the fauna of Australia’s inland waters provides examples as
interesting as the emu, the marsupials, the echidna, and other vertebrate
and invertebrate forms of the terrestrial fauna, and just as worthy, there
fore, of conservation. Moreover, other groups of the aquatic fauna, whilst
not quite so interesting perhaps as those mentioned above, are worth pre
servation if only because so many of them are endemic and because as
yet so little is known of their biology. Even some cosmopolitan genera
comprising only a very limited number of species have developed endemic
forms in Australia. In the Notostraca, for example, Triops australiensis
austrdiensis (Spencer and Hall) is confined to Australia (Longhurst,
1955).

THE NATURE AND EFFECTS OF THE CHANGES
IN THE AQUATIC ENVIRONMENT
Let us now consider the nature and effects of the changes in the aquatic
environment; bearing in mind, of course, that alteration of habitats is often
a surer method of bringing about the extinction of a species than direct
removal of individuals. Broadly, the changes may be regarded as the result
of (a) man’s need for water, (b) other human activities, and (c) the
introduction from overseas of other aquatic animals.

(a) Changes induced by man’s need for water
Water is needed in Victoria for a multiplicity of purposes including pro
duction of hydro-electric power, industry, domestic and stock supplies,
R
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irrigation, and recreation, to name only the principal ones. Vast amounts
are required for these needs and, according to the Victorian Yearbook
(1963), the total quantity now used per annum is over 3,000,000 acre
feet ( = 3-7 km3). Irrigation (and some evaporation) accounts for about
90 per cent of this. The amounts used by Melbourne alone are staggering.
In the year ending June 1961 the average daily consumption of water
per head was about 85 gallons ( = 386 litres), with a total metropolitan
daily average usage of about 150 million gallons ( = 682 million litres).
In order to supply these immense quantities, many of Victoria’s natural
lakes have been converted into controlled water storages, numerous large
and small reservoirs, weirs, and farm dams have been constructed, and
many thousands of miles of canals have been laid down. And, of course,
since the need for water is continually growing, so also are the measures
taken to supply it. A recent congress held in Canberra concerning Aus
tralian water resources is pertinent evidence of the concern that eventually
the need will outstrip the ability to satisfy it (Weatherley, 1963).
Just what effects has man’s demand for water had so far, and what
effects may be expected in the future? For ease of discussion, let us con
sider the effects firstly on the lentic environment, and secondly on the
lotic one; and for each of these, the effects in a physical, chemical, and
biological sense. Because of limited space, I shall restrict myself to only
those effects I consider the most important.
TABLE 10:1

S iz e (sq k m )

Size distribution, by origin, of Victorian lentic localities
greater than 1 sq km in area
L akes o f
n a tu r a l o r ig in
N o.

1 —
4
4 — 16
16 — 64
>64
T o ta ls

R e se r v o ir s

%

N o.

L a k e s o f n atu ra l
o r ig in a n d re se r v o ir s
N o.

%

62
33
9
7

56
30
8
6

9
8
7
3

71
41
16
10

51
30
12
7

111

100

27

138

100

The most obvious physical effect on the lentic environment appears to
be an increase in the total number of lentic localities, for, undoubtedly, the
creation of artificial localities has greatly outstripped the destruction of
natural ones by drainage. The increase in the total number of lentic waters
has occurred at almost all size-ranges, although accompanied by an altera
tion in the proportion of localities in each range. Thus, the creation of
innumerable farm dams has almost certainly increased the proportion of
more or less permanent, discrete, standing waters of less than 1 sq km in
area. But there has also been a slight change in the proportions of lentic
bodies of various sizes greater than 1 sq km. Table 10:1 shows the
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number of lakes, both natural and artificial, of different sizes in Victoria.
There are now proportionately fewer water bodies of area 1-4 sq km, and
proportionately more of area greater than 16 sq km. It is noteworthy too
that there is a marked difference in the area/volume relationships between
the larger natural and artificial water bodies. All the larger natural lakes
(Corangamite, Hindmarsh, Tyrell, etc.) are shallow, whilst the artificial
ones of comparable area are relatively deep, and some (e.g. Eildon),
unlike, apparently, any of their natural counterparts in area, are thermally
stratified in summer.
The increase in the number of lentic water bodies has been accompanied
by a geographical redistribution. One feature of this is that, whereas before
European man’s advent in Australia there were almost no large lakes in
any of the mountainous areas of Victoria, now, in both eastern and
western halves of the State, there are many large reservoirs.
Because our need for water fluctuates both seasonally and daily, most
of the reservoirs and storage lakes undergo fluctuations in level which
differ in pattern from those displayed by lakes and ponds under natural
conditions. Many of the larger reservoirs are used in a compensatory
fashion to produce similar river flows in wet and dry years. Some reser
voirs show almost no fluctuation, since an effort is made to keep them
always at ‘full supply level’. In yet others, the greatest fall in level may
occur in wintertime or irregularly, due to equilibration of levels in a
complicated system of reticulated irrigation canals. Some may even show
their highest level in summer through deposition of excess irrigation water.
It should be mentioned also that man influences the fluctuations of some
of the larger natural lakes not used as water-storages (e.g. Hindmarsh and
Corangamite), where control is primarily to prevent flooding. Many farm
dams contain permanent water only because of constant replenishment;
natural water bodies of comparable size in the same region contain water
only temporarily.
Chemically, the greatest effect man has had upon the Victorian lentic
environment seems to have been to increase markedly the number of
localities containing less than about 500 p.p.m. total dissolved solids.
Data for 118 lentic waters are summarized in Table 2:1, which indicates
that most natural lakes contain more than 500 p.p.m. total dissolved
solids, whereas most controlled storages contain less total dissolved matter
than this. This results mainly, of course, from the fact that all artificial
lakes behave as permanently ‘open’ lakes, whereas many natural localities
are either permanently ‘closed’ or have outflows only at certain times of
the year. Moreover, many new localities containing low amounts of total
dissolved solids exist in areas where there are no natural lakes of com
parable salinity. Lake Cullulleraine, for instance, which contains about
100 p.p.m. total dissolved solids, is in an area characterized naturally by
lentic localities of much higher salinity. Ionic ratios, which in general in
Victoria show a consistent relationship with the total amount of dissolved
solids present (Williams, 1964), are also to be considered here; for
example, with the increase in the number of localities of low salinity, there
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are now more in which sodium and chloride are less predominantly the
major cation and anion.
As zoologists, we are, of course, interested not so much in the physical
and chemical changes in the lentic environment brought about by man’s
need for water as in the consequential biological changes. It is, however,
much more difficult to evaluate these changes in the present state of our
knowledge, and for this reason many of the following remarks must be
regarded as speculative only.
The increase in the number of lentic localities will mean that certain
groups of the fauna are now in the process of further dispersal. Since the
construction of artificial water storages in Victoria dates mainly only from
the 1880s— although some large reservoirs were constructed before then
(e.g. Yan Yean in 1857, Malmsbury in 1870)— it is to be presumed that
many artificial lakes, and especially the more recently constructed ones,
do not yet contain all the species they will eventually. No doubt the
dispersal is aided by the scattered distribution of the new localities, the
provision of many ‘stepping-stones’, so to speak, reducing the time taken
to reach the more distant localities.
The increase in the number of relatively deep lakes containing low
amounts of dissolved solids and showing thermal stratification must also
be of great biological interest in view of the fact that the autochthonous
fauna available to colonize the benthos of these localities was presumably
extremely discrete; Lake Tarli Karng, for example, is the only such
natural lake in the whole of eastern Victoria.
Overseas workers have shown the profound biological effects of
unnatural fluctuations in the level of lentic waters. Undoubtedly, the
almost complete absence of any fringing emergent vegetation in most of
the newly created reservoirs in Victoria is due to this factor, and this, of
course, has an important effect upon the productivity and the composition
of the fauna. It seems, for example, that certain native fish whose repro
ductive cycle is correlated with natural fluctuations in water level— e.g.
Plectroplites ambiguus (Richardson) (see ch. 8 )—would be seriously
affected. There is at least one reasonably well-documented case outside
Victoria—the Great Lake in Tasmania— in which the change in level
caused by the conversion of a lake of natural origin into a storage lake
very nearly brought about the extinction of a species of great interest. The
change in the level of the lake caused by the construction of a dam at the
south end apparently resulted in the partial extinction of Paranaspides
lacustris Smith (Williams, 1965), probably because of the destruction of
suitable habitats. Paranaspides appears to be again in danger, for the
height of the dam has recently been raised.
Many of our inland aquatic species are able to exist over a very wide
range of salinity. Austrochiltonia subtenius (Sayce) (Amphipoda), for
instance, has been collected from waters with a content of total dissolved
solids ranging from 263 to 7,910 p.p.m. (Williams, 1964), and in the
laboratory it has even been maintained in seawater (c. 35,000 p.p.m.
total dissolved solids) (Lim, 1964). Others, however, are less tolerant,
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and occur only within a relatively narrow range. The genus Calamoecia
(Copepoda) provides examples. According to Bayly (1962), C. clitellata
Bayly and C. salina Nicholls are restricted to waters containing high
amounts of total dissolved solids, whereas C. tasmanica (Smith) occurs
only in extremely soft waters. Obviously, changes in the pattern of salinity,
both in the proportion and number of localities within different salinity
ranges and in the geographical distribution of these ranges, will have
important repercussions on the distribution and abundance of species of
this sort. It may be expected, for example, that those species of Cala
moecia restricted to waters of low salinity are currently expanding their
area of distribution in Victoria.
Clearly, the changes taking place in the number of lentic waters, in
the proportion of localities in different salinity ranges, and in the geographi
cal distribution of salinity, will lead to a blurring of previously established
natural distributions.
Let us now consider the effects upon the lotic environment of man’s
need for water. Physically, the most obvious effect is the same as that for
the lentic environment; man has greatly increased the number of localities.
Here, I am thinking mainly of the many thousands of miles of artificial
canals constructed principally by the Victorian State Rivers and Water
Supply Commission to serve the needs of domestic and stock supplies and
of irrigation. In the north-western part of Victoria, for example, an area of
about 31,080 sq km (one-eighth of the State) is served by a complicated
network of canals providing supplies for domestic and stock purposes.
The system, in fact, is the most extensive of its kind in the world.
Irrigated areas of the State, too, are extensive; it is estimated that about
4,000 sq km were irrigated in 1961 ( Victorian Yearbook, 1963). The
physical nature of most of these lotic waters is, of course, quite different
from natural ones in the same area. For example, they may contain water
in summer, and none in winter, the reverse of the ‘natural’ tendency;
or they may exist in regions such as the Mallee where natural running
waters are almost absent.
Man has physically influenced numerous streams of natural origin.
Many of these now undergo more or less unnatural fluctuations in flow
because of the presence of dams on their upper reaches. Unnatural
diurnal fluctuations may occur, for example, through the release of
various volumes of water to meet diurnal changes in the need for hydro
electric power, for example, in the Goulburn River beneath Eildon power
station. Unnatural seasonal fluctuations may be brought about by the
varying seasonal demand for irrigation water and for stock and domestic
supplies. Many streams of natural origin have been canalized, enclosed
in concrete, subjected to what the authorities are pleased to call ‘river
improvement schemes’, diverted, and so on; many are natural only in
the sense that their position marks the former site of a stream or creek.
Even the River Murray can hardly be said to behave naturally nowadays.
Although its several weirs (Hume, Yarrawonga, Torrumbarry, etc.) have
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little influence on severe floods, they do cause the flattening out of
successive flood peaks (River Murray Commission, 1957).
Apart from changing the pattern of flow, the construction of dams on
the upper reaches of many streams and rivers has two further important
physical effects. Firstly, it decreases the total runoff, since more water is
exposed to evaporation, and secondly, it may change the temperature
of a large part of the outflow because the larger volume of water in the
dam takes more time to heat up and cool down. It may, therefore, delay
the rise in temperature of the outflow in spring, and delay the fall in
autumn. The temperature of outflows may be even further altered, if the
water is drawn from different levels of a reservoir that is thermally strati
fied. At Eildon Reservoir the outflow water comes from 52 m below full
supply level, and summer temperatures in the river many miles below
the dam are 10-15°C. colder than those of the inflow water. In the
new environment, trout have almost entirely replaced the once-dominant
warm-water native species, the Murray cod (Maccullochella macquariensis) (Cuv. & Val) (A. Dunbavin Butcher, personal communication).
Chemically, the decrease in total runoff due to greater evaporation may
be expected to increase slightly the overall salinity of the runoff. However,
this effect is camouflaged by the large increase in the number of lotic
waters possessing low amounts of total dissolved solids, these being, of
course, the irrigation and the stock and domestic supply canals. Thus
large areas of the State now possess artificial streams which differ not
only physically from nearby natural streams (where these exist) but also
chemically.
As the result of these physical and chemical changes in the lotic
environment, we may expect many biological effects to occur similar to
those enumerated when discussing lentic waters. Thus, certain groups of
animals will be dispersing further, while others will decrease in abundance.
The reproduction of the Murray cod seems to be correlated with the
natural pattern of fluctuation of river flows. Already there is strong
circumstantial evidence relating the serious decline of the Murray cod
in the Goulburn River and the eastern section of the Murray River, and
of the Macquarie perch (Macquaria australasica Cuv. & Val.) in most
Victorian tributaries of the Murray, to control of the river flows (A.
Dunbavin Butcher, personal communication) (see ch. 9 for the parallel
situation in New South Wales). Paratya australiensis Kemp (Decapoda:
Atyidae) may be mentioned as an invertebrate whose reproduction appears
to be similarly influenced. Typically, this species inhabits lowland creeks
and streams, which flow rapidly in winter but only very slowly, if at all,
in summer. The young are hatched as planktonic larvae and are therefore
completely at the mercy of any current. However, since they are produced
when the flow is at a minimum, they survive and, by the time there is
appreciable flow, they are about 10 mm long and capable of withstanding
the current.
The reticulated nature of most of the artificial lotic waters will greatly
aid the dispersal of species which find within them a suitable habitat.
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This will apply particularly to those canals which are not poisoned
seasonally to control weeds. On the other hand, the construction of dams
on the upper reaches of natural streams may hinder or even preclude
the dispersal of many species, and be particularly disadvantageous for
migratory fish. It is evident that, as in the case of lentic waters, a great
deal of blurring of established distributions will result.

(b) Changes induced by other human activities
Man’s effects upon the inland aquatic environment go far beyond those
directly resulting from his need for water. Here 1 can discuss only the
more prominent of these: drainage programmes, the clearing of land,
grazing, fires, pollution, over-fishing, and the use of pesticides.
Many natural bodies of water have been drained in south-east Australia.
Unfortunately, many of these are amongst the more interesting ones.
Determined, successful, and continuing attempts are being made to drain
many of the salt lakes in the south-eastern coastal area of South Australia
adjacent to the Victorian border. This area is extremely interesting limnologically, situated as it is in a calcareous area undergoing tectonic uplift,
and consisting of salt lakes lying near the coast but quite separate from
the sea and from which some animals endemic to the area have already
been described, e.g., Calamoecia salina. Already, many of the lakes
marked on supposedly ‘current’ maps of the area have disappeared,
as I discovered on a recent visit. Plate 10:1 shows the very deep
canal draining the two large lakes which lay approximately north of Lake
George; it illustrates the length to which man will go to reclaim land, for
the whole canal— several miles long and many hundreds of feet deep—
was evidently excavated on behalf of a single person. Within Victoria,
reference must be made to Lake Corangamite. This is the largest per
manent saline lake in eastern Australia (and probably in the whole of
Australia), yet already a report has been prepared dealing with the
effectiveness of various detailed plans proposed for complete drainage of
the lake (Alexander, Sutcliffe, and Knight, 1956).
The clearing of land and excessively heavy grazing have as their
principal effect a change in the pattern of runoff. Thus, the removal of
trees from large areas of the catchments of many Victorian streams has
greatly increased the difference between the maximum winter and minimum
summer flows; in extreme cases, former perennial streams now behave as
seasonal ones, with obvious biological consequences. In fact, the River
Murray Commission (1957) was so concerned about the evident deteriora
tion of the high mountain catchment areas of the Murray that they for
warded to the Premiers of New South Wales and Victoria a resolution
suggesting that those parts of the catchment above 1,250 m should be
placed under the absolute control of the Soil Conservation Authority for
management primarily as water catchments. Destruction of the native
vegetation and its replacement by cultivated crops may also increase the
salinity of runoff as indicated by Wood’s (1924) work in Western Aus-

248

AUSTRALIAN INLAND WATERS AND THEIR FAUNA

tralia. Burning-off and uncontrolled fires also have important effects.
The increase in runoff after a fire has been estimated at about 50 per
cent, and the siltation rate is also greatly increased. In the twelve months
after the 1939 bushfires, for example, the siltation rate in Eildon Weir
exceeded that for the succeeding sixteen years (River Murray Commission,
1957). The siltation rate alone may have important biological conse
quences in favouring those species able to tolerate muddy conditions (e.g.
Cäenis (Ephemeroptera)), and adversely affecting those that are not.
However, fires are not a human innovation in Victoria, and perhaps all
man has done is to accelerate the natural occurrence of fires, since there
is some evidence to suggest that fires were much less frequent before the
arrival of European man (J. S. Lake, personal communication).
Pollution is an important human activity which is increasingly altering
the inland aquatic environment in many parts of the world. Australia, I am
afraid, is not escaping its effects. Inorganic pollution, such as occurs in
many streams arising in or passing near lead and other mines, can result
in either total extinction of the fauna or in partial or selective extinction
over quite long stretches of the locality concerned, and Plate 10:2 shows
a striking example of a small copper-polluted stream in which this has
occurred. The photograph was taken near Queenstown, Tasmania; I was
unable to recover a single living macroscopic animal from the stream in
February 1963. The subject of zinc pollution is dealt with in detail in
ch. 11. Organic pollution, however, is perhaps the more common sort in
Victoria, and several Victorian rivers are polluted for varying portions of
their length by the organic effluents from milk-processing factories, saw
mills, etc. There is no need to detail here the varied biological results
stemming from the usual and main result of organic pollution, namely a
decrease in the amount of oxygen dissolved in the water.
Fortunately, apart from certain fish, the Australian aquatic fauna con
tains no species of interest to sportsmen or of economic value, and it has
therefore escaped the sort of depredations that are usual for many groups
of terrestrial animals. Even for fish of angling or economic interest there is
no real evidence in Victoria that the decline of any particular species is
due to over-fishing (A. Dunbavin Butcher, personal communication).
Of recent years, perhaps one of the greatest of all dangers to the
aquatic fauna has appeared. I am referring, of course, to pesticides.
Hundreds of tons of these are now used for agricultural purposes in
Victoria every year— and their use is increasing. Many, apart from being
toxic towards the pests they were designed for, are as toxic, if not more
so, to animals which cause no agricultural damage. The toxicity of some
of the pesticides is awe-inspiring; ‘Endrin’, for example, will kill 50 per
cent of fish exposed to it at a concentration of 0-0006 p.p.m. (Pearce,
1963). Although they react primarily upon the terrestrial environment,
spray-contamination, surface-water runoff, ingestion of poisoned insects
and so on, soon extend their effect to the aquatic environment. Hoffman
(1959) has recently reviewed the effect of insecticides on stream faunas.
It is too early at the moment to say precisely just how the long-term
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use of pesticides will affect the Victorian aquatic fauna; we can be sure
of only one thing, the effect will be deleterious.

(c) Changes induced by the introduction of alien species
It remains to consider those changes in the Victorian inland aquatic
environment which have been brought about by the introduction of
species from overseas.
Fortunately, such introductions have been mostly confined to fish and
freshwater gastropods (e.g. Limnaea stagnalis (L .)). It is to be hoped
that this remains so, and that the proper authorities ignore all suggestions
such as a recent one by certain anglers to introduce selected arthropods
to augment the present diet of trout. The subject of introduced fish is
dealt with in chapters 8 and 9. Outside Victoria, various introductions
other than fish and gastropods have been made which have proven to be
of significance to inland waters. Brief passing mention may be made, in
particular, of the water hyacinth (Eichhornia crassipes Solms) which
infests many waters of northern New South Wales and southern Queens
land and has on occasion been reported from South Australia and northern
Victoria (Parsons, 1963), and the cane toad (Bufo marinus (L .)), found
only in Queensland.
The effects of the introductions have probably been mainly in the biolo
gical sphere, with little alteration to the physical and chemical nature of
the inland aquatic environment. However, Butcher (1962) has recently
drawn attention to the great physical disturbance to a habitat caused by
the ‘roiling’ of the introduced common carp (Cyprinus carpio (L .)). This
fish, apart from making the water very turbid, directly destroys aquatic
plants by uprooting them during its feeding and by breaking them down
during its vigorous spawning. The total effect on the environment is very
marked. Two results of the extreme turbidity are the inhibition of growth
in submerged plants and interference with feeding of those fish which feed
by sight. The main effect of the water hyacinth and of the cane toad is
also largely a physical disturbance to the habitat. The former chokes water
bodies with excessive plant growth and in bad infestations makes the
water black and putrid; the latter causes fetid conditions in waterholes
when large numbers die there during dry seasons (A. K. Lee, personal
communication).
We are largely unaware of what ‘biological’ changes have been caused
to our invertebrate fauna and our indigenous fish species by the introduc
tion of exotic species of fish. Although possibly some introduced species
do compete with native fishes for food, space, and perhaps spawning
areas, it is not an easy task at this stage to distinguish these effects from
those produced by extensive man-made environmental changes (but see
chapters 8 and 9). Be this as it may, it is a fact, according to Butcher
(personal communication), that six of the most important indigenous
freshwater fish species that we have in south-eastern Australia have
progressively decreased in abundance in the last fifty years or so. The fish
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affected are the Murray cod (M . macquariensis), golden perch (P. ambiguus), Macquarie perch (M. australasica), blackfish (Gadopsis marmoratus Richardson), Australian bass (Percalates colonorum Gunther) and
Australian grayling (Prototroctes mciraena Gunther). The reader is referred
also to chapters 8 and 9 for further consideration of this question.

THE FUTURE
Finally, we may ask ourselves, what can be done to conserve our inland
aquatic fauna? Leaving aside my own private pessimistic ideas, I would
make no prophecy. Clearly, however, we must first of all resign ourselves
to the fact that the voice of the limnologist is not going to be heard very
loudly, and that it is impossible to prevent all further change in the
aquatic environment; the economic value of Australia’s inland waters too
greatly surpasses their value to pure science. But there are three construc
tive proposals which spring readily to mind. Whilst this book is not a really
appropriate means of introducing such proposals, they have already been
presented publicly by A. Dunbavin Butcher and myself at a meeting in
Canberra in 1964, of the Australian and New Zealand Association for the
Advancement of Science, and it is perhaps of interest to repeat them here.
First, a ban ought to be imposed upon the importation into Australia of
any further species of fish or aquatic invertebrate. In the absence of a
complete ban, importation should be permitted only on the advice of
committees consisting of appropriate authorities— and ‘authorities’ does not
mean ‘authoritative administrators’!
Second, a wide variety of selected natural aquatic localities ought to be
preserved for future study by including them within national parks or other
types of permanent reserve where interference with natural circumstances
or excision in part or whole cannot occur. I can think of one immediate
example: the Hattah Lakes system (N.W. Victoria). This is now Victoria’s
only natural system of significant extent with an anabranch (the Chaika
Creek) and associated complex lakes, lignum swamps, and flood plains,
supplied by the River Murray. A small portion of the lakes and flood plain
are now in the Hattah Lakes National Park. The greater part of the system,
including the whole of Chaika Creek, is in the adjoining Kulkyne State
Forest, which, like all reserved forests, is subject to alteration to suit
forestry requirements, including excision in exchange for Crown Lands
elsewhere in the State, which may be declared reserved forest in place of
the excised areas. I consider it would be desirable if the whole complex of
the Hattah Lakes and Chaika Creek system, including intervening sandhills
and the River Murray frontage, could be declared an extended Hattah
Lakes National Park. The localities selected for preservation, it must be
emphasized, should not be selected purely on their merits as wild-fowl
breeding areas or as good angling localities, but as examples of undisturbed
aquatic environments.
And, third, in view of the great value of Australia’s inland waters as a
basic resource, recognized authorities should be approached for finance
to enable an adequate physical, chemical, and biological survey of the inland
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surface aquatic environment. The aim of such a survey would be to
accumulate data of a fundamental limnological type, and it might not be
unreasonable to suggest that the cost of the survey should be accepted as
part of the total cost of the project. There is ample precedent for this
approach in the United States of America.

ACKNOWLEDGMENT
I wish to thank Mr A. Dunbavin Butcher, Director of the Victorian
Department of Fisheries and Wildlife, for much unpublished information.

REFERENCES
Alexander, G. N., Sutcliffe, A. J., and
Knight, R. G. 1956. First Progress
Report. Preliminary hydrologic in
vestigation of Lake Corangamite
floodings. State Rivers and Water
Supply Commission, Melbourne, Vic
toria. Mimeographed.
Anon. 1962. The Golden Perch story.
Inland Fisheries Research Station,
Narrandera, N.S.W. Pamphlet. Syd
ney: Government Printer.
Balss, H. 1957. Decapoda. Bronns
Klassen und Ordnungen des Tier
reichs, 5 Band, I Abt., 7 Buch, 12
Lief., 1505-672.
Bayly, I. A. E. 1962. Some aspects of
the distribution and ecology of
species of the genus Calamoecia
(Copepoda: Calanoida). Aust. Soc.
Limnol. Newsletter 1: 10-11.
Butcher, A. Dunbavin 1962. Why destroy
the European Carp? Fisheries Cir
cular No. 6. Fisheries and Wildlife
Department of Victoria.
Frey, D. G. (ed.) 1963. Limnology in
North America. Madison: University
of Wisconsin.
Hoffman, C. H. 1959. Are the insecti
cides required for pest control
hazardous to aquatic life? Agric.
Chemie. June, July, Aug. (Reference
not sighted.)
lilies, J. 1962. Die Unterordnungen,
Familien und Gattungen der Plecoptera, Verh. Int. Kongress f. Entomo
logie 1960. 3: 263-7.
Lim, K. H. 1964. The biology of Austrochiltonia subtenuis (Sayce) 1902.

M.Sc. thesis. Monash University.
Longhurst, A. R. 1955. A review of the
Notostraca. Bull. Brit. Mus. (Nat.
Hist.) 3 ( 1 ) : 1-57.
Mosely, M. E. and Kimmins, D. E.
1953. The Trichoptera (Caddis-Flies)
of Australia and New Zealand. Lon
don. Brit. Mus. (Nat. Hist.).
Parsons, W. T. 1963. Water hyacinth, a
pest of world waterways. J. Dep.
Agric. Vic. 61 : 23-7.
Pearce, T. S. 1963. Threat of pesticides
to wildlife. Victoria’s Resources 5:
(1); 26-7.
River Murray Commission. 1957. Report
on the River Murray flood problem
(with particular reference to the 1956
flood). Reproduced by Department of
Defence Production, Melbourne.
Victorian Yearbook. 1963. Common
wealth Bureau of Census and Statis
tics, Melbourne, pp. 1-837.
Weatherley, A. H. 1963. National
Symposium on Water Resources, Use
and Management. Aust. Soc. Limnol.,
Newsletter 2 (2): 13-15.
Williams, W. D. 1964. A contribution to
lake typology in Victoria, Australia.
Verh. int. Ver. Limnol. 15 : 158-68.
------ 1965. Ecological notes on Tas
manian Syncarida (Crustacea: Malacostraca), with a description of a
new species of Anaspides. Int. Revue
ges Hydrobiol. 50 (1): 95-126.
Wood, W. E. 1924. Increase of salt in
soil and streams following the des
truction of the native vegetation. J.
Roy. Soc. W. Aust. 10 : 35-47.

11
The Ecology of a Zinc-polluted River
A. H. Weatherley, J. R. Beevers and P. S. Lake
In 1913 the American architect Walter Burley Griffin won a world-wide
competition for the design of the city of Canberra, the Australian Federal
Capital. His plan envisaged a city with a central lake bisecting it in a
roughly east-west direction (Fig. 11:1). The design and layout of the city
have been carried out essentially as proposed by Burley Griffin, but it was
only in recent years that the lake began to take shape. To perpetuate the
name of the architect, the National Capital Development Commission
decided, in 1963, to give the new lake the name Burley Griffin. It is about
the Molonglo River, water from which fills the lake, that this chapter is
written. It is an account of the pollution of a river with zinc. Problems of
metal pollution are, of course, found in many countries, mainly in con
nexion with mining operations. Our report appears in this book because it
is the only work on the subject in Australia so far, and because we believe
it to show several features of general importance for hydrobiologists inter
ested in this topic.

STATEMENT OF A PROBLEM
The information given above indicates the setting for the observations and
experiments reported.
Certain biological questions arose a few years ago out of a need to
assess, as far in advance of its completion as possible, the sporting fishery
potential of Lake Burley Griffin. The whole situation was complicated by
the pollution of the Molonglo River, almost at its source, by the mine water
and spoil at Captains Flat, a town some thirty miles south of Canberra, in
New South Wales. Our problem was to determine whether fish species that
might form a fishery could actually survive in the presumably chronically
polluted waters of the lake.
The chemical studies described were developed when we realized that
an appreciation of geochemical mechanisms of pollution in the Molonglo
would be far more useful than mere ‘routine’ chemical analyses (which
were, however, an accompaniment of the experiments on fish and the survey
of invertebrates).
A survey of the Molonglo invertebrate fauna was undertaken to deter
mine to what extent pollution had affected the river for contained animals,
and where, if at all, upstream of the position of the future lake, a ‘normal’
stream fauna could be found. By a ‘normal’ fauna we mean an assemblage
of animals that would compare in variety and abundance either with that
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in the Molonglo itself above the pollution source or with the faunas of
unpolluted tributaries such as Whiskers Creek or the Queanbeyan River
(respectively, Stations 8 and 12, Fig. 11:1).
As for the experiments with fish, it was expected that a fishery in Lake
Burley Griffin would be based on brown and rainbow trout (Salmo trutta
and S. gairdneri)— especially the latter— and that native species esteemed
by anglers, such as silver perch (Bidyanus bidyanus) and Murray cod
{Macullochella macquariensis) might also be included eventually. Fish
availability was a difficulty in this part of our work, and only brown and
rainbow trout, catfish ( Tandanus tandanus), and Crucian carp (Carassius
carassius) were used. Catfish do not normally inhabit the waters of the
south-eastern Australian highlands, nor are they expected to be stocked
in the lake; they were merely used for purposes of comparison. However,
Crucian carp already lived in the mainstream of the Molonglo River where
it passed through Canberra— indeed, they were certainly the most populous
species there— and they inevitably form a part of the fish community of
Lake Burley Griffin, whether or not they will ever prove to be of the
slightest interest to anglers.
The Molonglo River rises in the Eastern Highlands Range of New South
Wales some thirty-two miles SSE of the city of Canberra and about 1,300 m
above sea level. Fig. 11:1 shows the course of the river and its major
tributaries, the geology of the country through which it flows, and also
the sampling stations, described below, which will be referred to through
out the chapter.
Along much of its course the visible character of the Molonglo River
is that of a typical trout stream of the south-east Australian tablelands,
but, particularly in the middle reaches, there is clear evidence of pollution
— either now or in the past.
About seven miles north-west of its source the Molonglo flows through
the township of Captains Flat, where the now-abandoned copper-lead-zinc
mine owned by the Lake George Mining Company is located. Virtually all
pollution in the river is traceable, directly or indirectly, to various mining
operations at this site, and because the nature of this pollution in its
geochemical and biological manifestations is the substance of our study,
a statement of its character follows.
Mineralization in the Captains Flat area was discovered in 1874 and
mining of ore began in 1882. Activities were not continuous from that
time, however, and about the turn of the century the mine was abandoned
and not re-opened until 1924, when the mine water was pumped out in
preparation for a reappraisal of the deposit. In 1938 the Lake George
Mining Company began full-scale operations, and these continued uninter
rupted until the mine was finally abandoned in July 1962. It was between
1938 and 1962 that the major pollution of the Molonglo took place. We
know of no indication of a pollution problem in the Molonglo before this
period. In fact, there is ample evidence that the Molonglo River was an
excellent trout stream before 1938.
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Fig. 11:2

Sketch plan of the area around the Lake George Mine showing sampling
stations and main sources of pollution

ORIGIN AND NATURE OF THE POLLUTION
On 2 August 1939, a slimes dump location (Fig. 11:2, location I;
PI. 11:1), used for disposal of waste material from the treatment plant at
the mine, burst its banks (PI. 11:2), and as a result acid water containing
high concentrations of copper, iron, and zinc salts, and finely divided
tailings entered the Molonglo. The magnitude of the mishap has not been
detailed but it was presumably only small as no one apparently complained
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of, or recorded any reference to, pollution of the mainstream or contamina
tion of the land through which the river flowed. On 3 July 1943, however,
there was another slimes dump collapse of obviously greater magnitude
(Fig. 11:2, location B-B). An estimated 40,000 cubic yards of fine tailings
(consisting mainly of pyrite (FeS) and siliceous material with lesser
amounts of galena (PbS), chalcopyrite (CuFeS2), and sphalerite (ZnS))
slipped into the reservoir used to hold the domestic water supply for
Captains Flat (see Fig. 11:2 for details of the area around the Lake George
Mine).
An equivalent volume of water was displaced over the dam wall into the
Molonglo River, carrying with it large quantities of the very finely divided
tailings. These were carried far downstream, being actually detected at
Station 10 (Fig. 11:1). In addition to the tailings in suspension the river
was contaminated by large concentrations of ionic iron, copper, and zinc.
One report states that the river at Captains Flat was a blue colour just after
the slimes dump collapse and a bright, light green colour at Station 9. The
Molonglo just below the mine was not analysed chemically during this
period, but one can infer from the observations alone that the river carried
very large concentrations of base metals and was presumably strongly acid.
Yet it is interesting that an analysis of water from the Molonglo River at
Station 9 on 13 July 1943 showed pFl 7 and no contaminants. Methods
for detection and measurement of trace elements were only in their infancy
in 1943, and it is quite possible that contaminants were present in concen
trations below the then detectable limits. The fact that the pH was 7, how
ever, does suggest a return to a near-normal state of the river water only
ten days after pollution.
The sudden rush of water after the collapse of the slimes dump wall
caused extensive flooding along the plains up to half a mile either side of
the river between Stations 5 and 6, and there was widespread destruction
of vegetation in these areas (PI. 11:3). Just how the pollution has affected
the fauna in the river itself will be demonstrated below. Even today, some
twenty years after the disaster, one can still see tailings material on the
river banks and in adjacent areas as far downstream as Station 6. Indeed
we have detected this material, by chemical means, still in existence at
Station 10.
Since 1943, no further such pollution has occurred in the Molonglo
River. From 1939 to 1962 acid mine water from the lower levels of the
Lake George Mine was pumped into the Molonglo via Copper Creek
(Fig. 11:2), except for a brief period in 1943-4 when some attempt was
made to purify it.* In addition, drainage water from a slurry pond was
allowed to flow through Copper Creek into the Molonglo. This water,
containing base metals in solution, often also contained traces of various
♦The purification process involved the removal of both the acidity and the base
metal content of the acid mine water by passing it through a bed of limestone.
Because of progressive blockage and consequent restricted flow through the lime
stone, the process became so ineffective that the project was considered impracticable
and was therefore abandoned.
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chemicals used in the treatment processes at the mine, such as sulphides,
thiocyanates, cyanides, cresols, phenols, etc.
Summarizing, we can say that pollution of the Molonglo River due to
factors directly attributable to the winning of metal from the Lake George
Mine may be described under four separate headings:
(i) Acidity;
(ii) Base metals in solution;
(iii) Thiocyanates, sulphides, cyanides, cresols, phenols, etc.;
(iv) Very finely divided tailings material (scattered along the course of
the river and in suspension in the water).
Pollution due to (iii) has never been a serious problem. The water
carrying these anions and organic compounds has generally, though not
always, met acid mine water before it entered the Molonglo, and many
of the anions, particularly sulphide and cyanide, were therefore largely
removed as their volatile acids. The various oxidation and physico-chemical
processes occurring in the river quickly removed the phenols, cresols,
thiocyanates, etc., from solution, leaving it quite free of pollutants of this
type.
Pollution due to (iv) is only a problem now in that the sediments along
thirty to forty miles of the Molonglo, and its banks, contain varying
amounts of tailings material, and as these (sulphides) are oxidized the base
metals are released into the mainstream in ionic form. Therefore, unless
more tailings material gets into the river through either accident or flood,
pollution of the Molonglo due to (iv) is, in effect, pollution of type (ii).
Observations on the chemistry of the Molonglo River before the closure
of the mine had shown an expected trend in pollution: a marked tendency
for high values of zinc in the river immediately below the pollution source,
with a progressive lowering of these values downstream through dilution
and hydrolysis (see Table 11:1). The situation since the mine’s closure has
been more difficult to discover.
We are not completely satisfied that we have established the true pattern
of the present zinc pollution of the Molonglo, which would have required
more frequent sampling than was practicable. However, results indicate
that the present pattern is very different from that before the mine closure.
This change can be explained if we bear in mind the slimes dump collapse
TABLE 11:1

Zinc concentrations in the Molonglo River*
Location
Station 4
Station 5
Station 6
Station 10

Total zinc (p.p.m.)
34 -5
11 -5
3 0
0-9

* Typical concentrations at various points on 25 September 1961, before the closure
of the Lake George Mine.
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of 1943 and the resulting deposition of materials along the course of the
Molonglo River as far downstream as Station 10 and possibly farther, the
finest material being carried the farthest. Because oxidation rate is related
to particle size we would expect sphalerite at Station 10 to oxidize more
rapidly than at other stations higher upstream. This probably explains why
the present concentration of zinc is greatest at this point. Before the closure
of the mine the amount of zinc entering the river from sphalerite oxidation
was small compared with the zinc in solution which was derived from the
mine water. Thus we found the marked fall-off in zinc concentration as we
moved downstream from the pollution source illustrated in Table 11:1.
Since the closure of the mine, however, the zinc entering the Molonglo
River as a result of oxidation of sphalerite between Stations 5 and 10
is now evidently of the same order of magnitude as that in solution at
these points that is derived from sources much closer to the mine. In other
words, a secondary source of zinc pollution from sphalerite deposits along
the course of the stream now tends to offset the losses through dilution and
hydrolysis, and keeps the zinc content of the Molonglo River surprisingly
higher than it would otherwise be, particularly at Station 10.
There is no doubt that sphalerite is being oxidized around Station 10.
In water of a few quiescent pools adjacent to the main body of the river
at this station we have found zinc concentrations of 0-25 p.p.m., while
that in the mainstream is only 0-06 p.p.m. These same pools contain
copious amounts of flocculated ferric hydroxide carrying 500 p.p.m. of
sorbed zinc ion.
Since the closure of the mine, low pH values have been obtained in the
Molonglo River only rarely. When heavy rain follows a long dry spell
much acid water drains directly into the river from the various disposal
stacks around the mine, and the pH of the water in this section of the river
is lowered. However, the pH at a point even half a mile downstream does
not seem to change significantly, so pollution of type (i) is not a serious
problem.
When the mine was active and its water was being discharged into the
river, lead ion was never detected in any part of the river, and is therefore
of no significance in this study. Table 11:2 shows typical ionic copper and
total iron concentrations in various parts of the Molonglo River before and
after closure of the mine. Most, if not all, of the total iron figure is con
tributed by colloidal iron hydroxide (clearly visible in the river water before
the closure) and we do not think that even these large amounts constituted
a serious pollution problem, but copper values both before and after
closure of the mine warrant consideration below. After the mine closed the
total iron dropped very considerably, and at Station 11 (water at this point
may be thought of as water that fills the lake) it dropped to a level we
consider to be only slightly above normal, if we compare the total iron at
this point with that in the river above the pollution source. This results
from dilution by the unpolluted waters of the Queanbeyan River at
Queanbeyan (Fig. 11:1).
The field work was carried out during 1962 and 1963, both before and
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TABLE 11 :2 Ionic copper and total iron concentration in the Molonglo
River*
Ionic copper (p.p.b.)f

Total Fe (p.p.b.)

Sampling point

Molonglo River above Captains
Flat Reservoir
Station 4
Station 6
Station 10
Station 11
Station 12

Before
closure

After
closure

Before
closure

< 2
56
44
48
12
< 2

30
15
10
12
9
< 2

< 10
2,860
800
500
500
20

After
closure
11
56
19
122
24
15

* Concentrations at various points before and after closure of the Lake George Mine,

t Parts per billion (thousand million).
after the mine was abandoned. Consequently, conditions in the Molonglo
varied widely during the course of the study, and the variation is reflected
in chemical analyses appearing later in this chapter. There is no doubt that
the pollution of the river was greater before the mine closed than just after,
in terms of ionic zinc, copper, total iron and acidity. The present chronic
pollution appears, however, to be due solely to the presence of zinc ion,
and reference to pollution hereinafter should be taken as reference to zinc
pollution only, unless otherwise stated.

CHEMICAL METHODS
Standard instrumental methods were used for pH and conductivity measure
ments. Copper and iron determinations were made by using, respectively,
the biquinoline and ferron colorimetric methods; both methods are
described by Sandell (1959).
All zinc analyses were done on the Cambridge Univector Polarograph.
Freely diffusible zinc (ionic zinc) was determined on the river water as
collected. Total zinc was determined after making the water 0-05 M (pH
1-3) with respect to perchloric acid; the total zinc figure includes ionic
zinc, possibly zinc complexes, zinc adsorbed on colloidal particles, and
hydrolysis products such as basic zinc sulphate and carbonates.
Some chemical analyses were also performed in the field, using standard
analytical methods, for oxygen, carbon dioxide, pH, and total hardness.

THE HYDROLYSIS OF ZINC ION IN
MOLONGLO RIVER WATER
Various workers have attempted to obtain the lower limit for the concen
tration of zinc ion in natural waters that is toxic to numerous species of
freshwater fish, by adding known amounts of a soluble zinc salt to the water
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TABLE 11 :3 Typical partial analysis of Molonglo River water at
Station 11
Factor
pH
calcium
magnesium
total iron
copper
ionic zinc
chloride ion
sulphate ion
bicarbonate ion

Value
7-3
24-1 p.p.m.
19 -4 p.p.m.
24 -0 p.p.b.*
9 -0 p.p.b.*
1 -5 p.p.m.
4 -4 p.p.m.
90 -6 p.p.m.
68 0 p.p.m.

* Parts per billion (thousand million).

used. Lloyd (1960), for instance, used this method in studying the toxicity
of zinc ion for rainbow trout. We also intended to adopt this technique in
laboratory experiments, but pilot tests indicated the unsuitability of the
approach. The zinc ion in Molonglo River water was found to be slowly
hydrolysed, so that the addition of a soluble salt of zinc failed to increase
the zinc ion content of that water by the equivalent amount, as the fol
lowing experiment shows.
Into each of ten litre-capacity jars was put one litre of Molonglo River
water (sampled at Station 11 before the mine closed and containing 1-5
p.p.m. zinc ion) and sufficient 0-1 M zinc sulphate solution to make the
contents of the jars 51-5, 41-5, 31-5, 21-5, 11-5, 9-5, 7-5, 5-5, 3-5,
and 1-5 p.p.m. with respect to zinc ion. A typical partial analysis of the
water at Station 11 is shown in Table 11:3. The jars were open to the air
and aliquots were drawn off at suitable time intervals for the determination
of zinc ion.
Whatever the initial concentration of dissolved zinc, all the water samples
lost zinc ion, until a final low (and evidently asymptotic) value was
reached (Fig. 11:3a, b).
Those water samples initially containing less than 10 p.p.m. zinc ion
remained clear for about ten days, after which a slight turbidity appeared,
becoming stronger as the experiment progressed. The waters containing
more than 10 p.p.m. zinc ion became turbid after only a few hours, and
in those originally having 51-5 and 41 -5 p.p.m. zinc ion a clearly visible
layer of white material settled out. When analysed at the end of the experi
ment, this amorphous, colloidal deposit was found to consist essentially of
a basic zinc carbonate and a basic zinc sulphate. Another experiment was
run concurrently with the above but with the difference that all the solutions
were continuously aerated by means of a small ‘Dymax’ pump. Under these
conditions the initial rate of removal of zinc was greater, particularly in
those jars containing 31-5, 41-5 and 51-5 p.p.m. zinc ion at the beginning.
However, the final asymptote was much the same for both aerated and
non-aerated Molonglo River water.
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By contrast, when a solution of zinc salt was added to Canberra tap
water no zinc ion was lost, whether or not the solutions were aerated.
These results seem very important to us. Though there is nothing new
in the phenomenon of hydrolysis of zinc ion, it does seem likely that its
possibility has been overlooked by many previous workers on zinc toxicity.
Thus we wonder how often in the past investigators have added a known
amount of zinc sulphate or chloride to a particular test water and have
based their statements of the zinc ion content on this value, without con
sidering the possibility of hydrolysis. It seems clear that to be sure
hydrolysis is not taking place a preliminary test of the kind described above
is indicated.

.........

DURATION OF EXPERIMENT (DAYS)

DURATION OF EXPERIMENT (DAYS)

Fig. 11:3

Results of experiments demonstrating reduction of zinc concentration in
Molonglo River water, containing initially high concentrations of zinc,
produced by hydrolysis of zinc ion
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These experiments are also significant in suggesting a second method for
the attenuation of zinc values downstream from Captains Flat, besides the
obvious one of simple, progressive dilution (Table 11:1).

MACROINVERTEBRATES OF THE MOLONGLO
The Stations
The macroinvertebrate fauna of the river was sampled at the stations
described below, all of which are shown in Fig. 11:1.
Station 1 is directly below the Captains Flat dam that holds back the
town’s water supply. Here the river is swift, turbulent, shallow, and almost
unpolluted, running over an uneven but stable, rocky bed. The banks are
lined with tea-tree (Leptospermum spp.) and sedge (Carex appresea),
and aquatic macrophytes and algae (on the rocks) are abundant in the
water.
Station 2 is directly below Captains Flat. Here the stream is swift and
polluted and banks are largely devoid of vegetation save for a few scattered
patches of reed (Phragmites communis). Algae are few, and the stream
bed is of medium-sized to large stones and unstable stretches of gravel.
Station 3 is in Copper Creek—the main source of pollution. The creek
is slow, the bottom of large stones between unstable banks of loose gravel
and soft clay. The bottom is covered with an opaque milky-brown deposit
presumably of ferric hydroxide. Algae are absent.
Station 4 is directly below the junction of Copper Creek and the
Molonglo. Algae are virtually absent and the immediate bank environs are
devoid of plants. The bed of the stream is largely unstable gravel.
Station 5 is situated where the Molonglo River emerges on to the Foxlow
Plain. Here the river is wide and shallow, and both algae and aquatic
macrophytes are scanty except in the quieter and deeper stretches. The
banks tend to instability and are badly eroded; the bed, of loose sand and
gravel, is conspicuously unstable.
Station 6 is where the Molonglo River emerges from the swampy
stretches on the Carwoola Plain to become a swift stream interrupted by
long pools. Algal growth is moderate and there are large clumps of Typha
angustijolia, P. communis and Juncus spp. The stable banks are lined with
willows (Salix spp.) in parts, and the bed is of relatively unstable gravel
and clay.
Station 7 is about a mile downstream from Station 6, and here the river
is rather wide and swift; algal growth is moderate and there are clumps of
macrophytes in the quieter stretches. Riffles at this station are stable, the
bed consisting of large stones.
Station 8 is in Whiskers Creek, a small stream that enters the Molonglo
about a hundred yards above Station 7. It flows slowly and has few riffles.
The bottom is mostly of small pebbles and clay, and there are abundant
algae and aquatic macrophytes.
Station 9 is at Burbong; there is moderate algal growth and large clumps
of T. angustijolia in the quieter stretches. The stable banks are willow-

THE ECOLOGY OF A ZINC-POLLUTED RIVER

263

lined, and in the riffle sections the bed is of stones scattered on loose sand
and gravel.
Station 10 has few algae or macrophytes, and the relatively unstable
banks are raggedly lined with willow clumps. The bottom resembles that
at Station 9, though the river flows more rapidly.
Station 11 is at ‘Oak’s Estate’, a region just below the junction of the
Queanbeyan and Molonglo Rivers. The river here is wide with a stable
gravel bed and plenty of algae and macrophytes.
Station 12 is in the Queanbeyan River about three-quarters of a mile
above the junction with the Molonglo and directly below a small weir at
Queanbeyan Caravan Park. Just below the weir is a large, rather turbulent
pool, giving way to a wide shallow riffle. The relatively stable stream bed
consists of medium-sized stones and gravel, and has abundant algae. The
station apparently receives slight intermittent pollution from organic wastes
from Queanbeyan.
Station 13 is closest to the eastern end of Lake Burley Griffin and here
the river is slow and deep with only a few short riffles. Again algae and
macrophytes are plentiful. The turbidity is at all times notably high at this
station because of gravel-washing operations a few hundred yards upstream.
From these descriptions and from Fig. 11:1 it should be apparent that
Station 1 is situated above any significant source of zinc pollution; Stations
2-10 (except Station 8) are all polluted to a greater or less degree;
Stations 11 and 13 are, essentially, in the ‘repurification zone’, while
Stations 8 and 12 provide ‘control’ situations where there is no zinc pollu
tion. The details of the pollution pattern, and its sources, have already been
given.

Sampling and collecting methods
Two faunal surveys were made during 1963, based on the above stations—
one in April (autumn) and one in July (mid-winter).
Two methods were used for collecting animals. Every station had at least
one riffle section (the stations were chosen partly for its presence) and in
such sections a 0 • 1 sq m quadrat sampler with attached net was used. This
well-known unit allows the operator to ‘wash’ all stone, gravel, sand, and
mud within the reference frame, and the flowing water sweeps animals thus
dislodged into the attached collecting net that hangs downstream. It is a
quantitative method as long as the current is strong enough to ensure that
all animals dislodged are carried safely into the net, and as long as the
water is very shallow so that the operator can clearly see what he is doing
and no animals are carried over the net or around its sides.
Long-handled hand sampling nets of nylon mesh on a steel frame were
used in conjunction with the sampler, five-minute collections being made
at all stations. By collecting for a standard time, and always in a similar
manner with an identical net, much additional semi-quantitative informa
tion was obtained and it was also much easier to compare the fauna of one
station with others, in addition to establishing the ranges of types and
species. During the five minutes of each collection period about a hundred
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meters of stream length were usually sampled (mainly along edges and
shallows).
All collections, however performed, were preserved in 70 per cent alcohol
and (where possible) identifications were made in the laboratory.

Results
Physical and chemical factors
Only a selection from the physical and chemical information obtained
in the field need be mentioned here; that is, only those data that appear to
be clearly related to the distribution of the fauna within the Molonglo
River. Otherwise only very brief indications of the trends of the data are
given.
pH did not change greatly with distance downstream during any faunal
survey (see also earlier statement on pH ), nor was there much difference
between autumn and winter values. The general level of pH for the river
was around 7-4. It is known, of course, that under certain conditions the
pH can fall below 5— or even 4— in Copper Creek; and in the Molonglo
River itself, just below Copper Creek, pH values below 4 have occasionally
been recorded.
TABLE 11 :4 Mean values for calcium and magnesium concentrations and
conductivity in the Molonglo River*
Experiment 2
(12 sets of values)

Experiment 3
(8 sets of values)

Station

4
5
6
10

Calciumf

Magnesiumf

Con
ductivity:!:

Calciumf

20-3
13 -9
17-8
22-8

9 1
7-9
10-2
17-8

265
220
258
382

4-2
4-0
4-9
5-1

Magnesiumf
2-8
3-5
3 -7
4-7

Con
ductivity:!
123
130
150
185

* Data obtained during fish experiments 2 and 3.
t p.p.m.
f Micromhos/cm.

Such minor variations as were detected in oxygen concentration along
the course of the Molonglo appear to be due to differences in local condi
tions, such as slow rates of flow, where effects of biological oxygen demand
may be appreciably greater than in faster flowing sections. Whatever the
reason, the data are consistent with this hypothesis. Oxygen was, however,
never actually low at any station during the three periods of sampling and
ranged between approximately 8 and 12 mg/1.
In general, free carbon dioxide in the Molonglo tended to be somewhat
higher the farther downstream from Station 1. As all values are based upon
water analyses done in the daytime when photosynthesis would be occur
ring, this increase is presumably due to algal abundance increasing with
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distance downstream from the pollution source (and therefore, an increas
ing production of carbon dioxide in photosynthesis), combined with a
general reduction in flow rate.
Calcium, magnesium, and conductivity values (Table 11:4) all tended
to increase with distance downstream.
Some notable differences were recorded between chemical conditions in
the Molonglo, Whiskers Creek, Copper Creek, and the Queanbeyan River.
Whiskers and Copper Creeks are both waters with far higher values for
conductivity than the Molonglo, and the calcium content of Copper Creek
has been considerably higher than that of the mainstream of the Molonglo
since the closure of the mine. By contrast, the Queanbeyan (Table 11:5)
is a water of lower conductivity and hardness than the Molonglo (Table
11:4).

TABLE 11 :5 Mean values for pH, calcium, and conductivity for water
samples from Copper Creek, Whiskers Creek, and the Queanbeyan River*
Station

Copper Creek
Whiskers Creek
Queanbeyan River

pH

7-2
8-0
7 -6

Calciumf

25 -2
9-9
1 -7

Conductivity^

622
477
114

* Means based on three sets of values,
t p.p.m.
1 Micromhos/cm.

The macroinvertebrate fauna
Figure 11:4 shows the total number of animal species and different
groups captured by hand net and in the 0-1 sq m sampler along the course
of the Molonglo and in the control stations in Whiskers Creek and the
Queanbeyan River. The extremely small number of species immediately
below the areas of maximum pollution (Stations 2, 3, and 4) is obvious,
and it makes a vivid contrast with the number at Station 1 (immediately
above the pollution). By the time Stations 6 and 7 are reached, the
number and variety of forms are again becoming similar to those at
Station 1. Figure 11:5 clearly shows that the abundance of animals
parallels the abundance of species, i.e., the numbers rise from very low
values immediately below the pollution source, gradually at first, then
markedly at Stations 10, 11, and 13.
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KILOMETRES DOWNSTREAM
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Fig. 11:5

Numbers of animals caught in 0-1 sq m frame sampler and in five minute
hand net collections in the Molonglo River in 1963

EXPERIMENTS WITH FISH
These tests were carried out in the Molonglo River itself at Stations 4, 5,
6, and 10 (Fig. 11:1). Their aim was to determine whether or not fish
could survive in the polluted mainstream of the rivers above the junction
of the Molonglo and Queanbeyan Rivers. It also represented an opportunity
to collect information on fish survival under conditions of prolonged
toxicity in the field.
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The fish were held in live-boxes, 1*5 cu ft in capacity, made of 1 inch
square hardwood frame covered with fibreglass insect screening. The boxes
were completely immersed in the river at each selected station, and secured
to steel fence posts driven into the river bed. Each live-box contained a
maximum-minimum thermometer to be read and re-set each time the con
tained fish were inspected. The fish were inspected frequently and their
condition noted; the dead were removed at each visit.
STATION

/

O 20

y

Brown trout
IONIC ZINC

------ 6
R a inbow trout
TOTAL ZINC

MEAN ZINC
VALUES.
TOTAL

........
0

Fig. 11:6

2

IONIC
4

6 8 10 12 14 0 2 4 6 8 10 12 14 16
DURATION OF EXPERIMENT (DAYS)

4 5 6 10
STATION

Field experiment 1: results of exposure of fish (rainbow and brown trout)
to conditions in the Molonglo River in 1962

Three field experiments are reported on here (Figs. 11:6, 7, 8). In the
first and last, rainbow and brown trout were exposed simultaneously at
each station. In the second experiment Crucian carp and catfish were used.
Carp were also used with the trout in the third experiment.
Water samples were collected for estimation of zinc ion, conductivity,
and pH in all three experiments. Three such sets of water samples were
collected in the first experiment, twelve during the second, and eight during
the third. During the last two experiments, water was also analysed for
copper, calcium, and magnesium.
Figure 11:6 shows the results of the first experiment in which rainbow
and brown trout were used. Though only three sets of chemical values were
obtained, no heavy rain fell during this experiment and this fact, plus the
relatively steady pH and conductivity values, indicate that day-to-day
variations in water properties were probably much less than in later experi
ments (in which more data were collected).
The first experiment revealed two important points. Under identical
conditions of exposure brown trout were decidedly superior to rainbows in
surviving in the Molonglo River. Also the rainbows at Station 5 died more
rapidly than at Station 4. The effect may have been augmented by the
greater temperature range at Station 5, at which there was a distinct
tendency both for higher maxima and lower minima. Looked at another
way, means of the three sets of values for ionic and total zinc suggest that
Station 4 values may have been appreciably lower than for the other
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stations. Although the values for total zinc for the three lower stations were
almost the same, there was a tendency for a decrease in ionic zinc.
The evaluation of the second experiment (Fig. 11:7) also poses diffi
culties. High mortalities among the catfish were almost certainly due to
their low resistance to cold; this is borne out by their natural distribution,
as they do not appear in the south-east highlands, where winters can be
fairly severe. The lowest water temperature in winter in the Murray-Darling
River system, in which this species abounds, is around 8-10°C. By con
trast, temperatures in the live-boxes fell as low as 2°C. in this experiment.

DURATION OF EXPERIMENT (DAYS)

Fig. 11:7

STATION

Field experiment 2: results of exposure of fish (Crucian carp and catfish)
to conditions in the Molonglo River in 1962

Apart from this probable temperature effect, however, conditions for the
survival of both species of fish appear to have been progressively more
favourable with distance downstream from the pollution source. Inter
mittent rain caused much fluctuation in zinc (and in conductivity and pH)
values during this second experiment, but the mean value for total zinc
was highest at Station 4, declined to about half this at Station 5, and rose
again at Stations 6 and 10. By contrast, ionic zinc decreased relatively
consistently with distance downstream from Station 4.
For Crucian carp, mortality curves for Stations 4 and 5 are widely
separated from those for Stations 6 and 10. The heavy early mortalities at
the upstream stations are attributed to the high peaks of zinc that coincide
precisely with them. Particularly is this so for Station 4 when, with the
zinc peak, pH simultaneously fell from its usual level of about 7 to 4-6.
Copper values were also high at Stations 4 and 5 at this time (Table
11 : 6 ) .
In the third experiment (Fig. 11:8) there was a great decrease in zinc
values from those typical of the earlier experiments. (This experiment was
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done in April 1963, when the mine had been closed for nearly a year.)
Yet, despite this decrease, conditions for trout were evidently at least
as unfavourable as in the 1962 winter; the possible explanation of this is
considered below. However, brown trout again tolerated identical condi
tions of exposure better than rainbows. In fact, on this occasion, rainbow
trout had a higher mortality rate at Stations 5, 6, and 10 than at Station 4,
though a sudden increase in mortality at Station 4— for both species— did
accompany the ‘pulse’ of zinc on day 6 of the experiment. There was again
a tendency for ionic zinc to decrease downstream, and also for total zinc
to be greater at Station 10.
TABLE 11:6 Copper concentrations in the Molonglo River*
Day
No.

3

Station
No.
3 0
2
15 0
3
4-8
4
0 08
5
< 0 02
6
0 06
10

4

5

8

9

10

11

12

15

16

0-07
1 -1
0-07
0-17
0 04
0-04

0 02
0-6
0 04
010
0 05
0 04

0 07
0 -6
0-08
0-07
0-04
0 04

0-04
0-4
0-04
0-04
0 08
0-04

0-04
0-6
0 05
0-08
0 03
0 08

0 -02
0-02
0 -02
0 -02
0-04
0 04

0-02
0 02
0-02
0-02
0 04
0 05

0-02
0-02
0-02
0-02
0-07
0 05

0-02
0-02
0.02
0-02
0 05
0 04

* Concentrations (p.p.m. Cu++) during experiment 2, days 3-16.

This third experiment presented, then, several somewhat confusing
aspects, especially since Crucian carp (not included in Fig. 11:8), exposed
with the rainbow and brown trout, all survived the full period of the
experiment.

TOTAL
IONIC

Fig. 11:8

Field experiment 3: results of exposure of fish (rainbow and brown trout)
to conditions in the Molonglo River in 1963
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DISCUSSION
The invertebrates
The pollution of the Molonglo River has a depressing effect upon both
the numbers and variety of its macroinvertebrate fauna.
In organically polluted streams there may be highly specialized faunas,
restricted in variety but often extremely abundant, living quite close to
the source of pollution. In contrast, in metal-polluted streams the trend,
as the effects of pollution decrease downstream, is for a gradual increase
in numbers both of individuals and species. See Hynes (1960) for dis
cussion of this subject.
In the Molonglo, though various physical and chemical conditions
may have some effects in influencing the distribution and abundance of
the species collected, only the factors of major importance are considered,
that is calcium, magnesium, and zinc concentrations. Of these, calcium
and magnesium increase downstream from the main pollution source to
Station 10 (Table 11:4). At Station 9, where the river crosses a narrow
carbonate band, concentrations of both elements increase significantly.
While ionic zinc tends to decrease downstream, total zinc tends generally
to increase somewhat. This may suggest that ionic zinc in free solution
is dangerous to aquatic animals (including fish) rather than zinc present
in other forms such as complexes or hydrolysis products. However, this
aspect of the subject is by no means clear (see p. 277).
With reference to calcium it can be pointed out that the toxicity of
ionic zinc to aquatic animals is undoubtedly inversely related to water
hardness (calcium and magnesium), (Wurtz, 1962; Lloyd, 1960; Cairns
and Scheir, 1957; Jones, 1938). There is, therefore, every reason to
suppose that calcium and magnesium values in the Molonglo, increasing
with distance downstream, would offset the toxic effects of zinc.
Of course, ‘trace’ amounts of zinc will almost always be found in
natural waters, so each aquatic animal will possess some degree of
acquired tolerance to zinc. Furthermore zinc is essential to the physiology
of all animals, playing a most important role in some enzyme systems.
Danger from zinc as a toxin will arise only when its concentration exceeds
what is normally tolerated.
Very little bio-assay work has been done on aquatic invertebrates,
especially arthropods, in relation to zinc toxicity. Davies (1938) reported
1-0 p.p.m. to be lethal in seven hours to the freshwater limpet Ancylus
fluviatile, and to the malacostracan crustacean Gammarus pulex in fiftyseven hours. Anderson (1944) had difficulty in establishing reliable zinc
toxicity thresholds for Daphnia magna, apparently because the resistance of
the species varies with age.
Wurtz (1962) considered the components of a normal stream fauna
that were intolerant to, and eliminated by, mild zinc pollution to be
Crustacea, Mollusca and, to a less degree, Oligochaeta. This agrees with
the results obtained in the Molonglo. Indeed, the absence of either
molluscs or crustaceans in a stream may be an indication of (at least)
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mild zinc pollution. The majority of arthropods (particularly insect larvae)
of a stream fauna are, apparently, not especially susceptible to direct
effects of zinc (Jones, 1940), though they may be affected adversely by
its indirect influence.
The principal indirect effect of zinc is thought to be the formation
of unstable physical conditions in the stream bed (Jones, 1940, 1941,
1958). Particularly in riffles, where the scouring effect of running water
is highest, algae and macrophytes tend to hold the bed stable and if they
are killed off by zinc pollution the gravel becomes relatively loose. Welch
(1952) pointed out that in running waters the grinding and scouring action
of stones propelled by the current may cause much injury or mortality
to the stream fauna, and this so called ‘molar’ effect will be heightened
when the instability of the stream bed is increased by zinc pollution. In
times of flood, even in unpolluted streams, scouring and movement of
the substratum can drastically reduce the benthic fauna, as J. S. Lake
(1957) showed for New South Wales trout streams. Groups thought to be
particularly affected by this phenomenon are Ephemeroptera, Trichoptera
(Campodeiform), and Megaloptera. In the Molonglo, we think that this
effect can be seen especially in Stations 2, 4, 6, and 9, where there are
extensive riffles of loose stones and gravel. Perhaps it is not surprising,
then, that samples from the riffles of the polluted stream are very low
both in number of species and abundance of animals compared with those
from stations in unpolluted waters (e.g. Stations 8 and 12). This effect on
stability will vary with the nature of the bed, and may modify the
character of the damage to the fauna with distance downstream from
the pollution source.
A second indirect effect of zinc (or other heavy metals) may be to
reduce both quality and variety of plant food available to the stream
fauna. This would limit the populations of animals to densities lower than
in unpolluted streams. This kind of effect is believed to be found in the
Molonglo (Fig. 11:5).
In general, those animals normally occupying the more stagnant water
at each station showed less variability in numbers of individuals and
species than those living in the faster water. This observation confirms
the view of Allanson and Kerrick (1961), and may be due to two factors.
First, algae are more abundant in the stagnant parts of a stream, so that
food would be less limiting there; second, these parts are likely to be
less affected by molar action due to unstable substratum and rapid flow.
Hence the two principal indirect effects of zinc may be more or less
reduced in the region of slow flow. Those animals that favour slower
water and appear relatively immune to zinc are the Hemiptera, Plecoptera,
and Arachnida. The first and last of these three groups live only a semiaquatic existence, and are quite capable of migrating away from unfavour
able conditions as well as being separated from the severer effects of
stream scouring by their mode of life. One particular species of caddis
(a leptocerid) appears to have been more abundant in the more polluted
parts of the Molonglo than other species. It was collected in greatest
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numbers at Stations 6, 7, and 9. Two other eruciform caddis (a leptocerid and an odontocerid species) showed a similar, though less marked,
trend in abundance. The divergence of these species from the normal
trend of increasing specific abundance with decreasing pollution is
believed to be due to the plenitude of macrophytic debris for case-making
at these mildly polluted stations. The species also occurs at the unpolluted
Stations 11 and 13, though in low numbers (which could, of course, be
due either to more severe competition from larval caddis of other species
or to a relative scarcity of suitable vegetable material).
Both numbers and variety of animals at each station dropped between
autumn and mid-winter. Frequently one would expect the opposite trend.
For instance, Hynes (1958) found the invertebrate fauna of a Welsh
trout stream to increase seven-fold between summer and winter. The drop
in the Molonglo fauna can probably be attributed to floods: between the
autumn and winter surveys the river was in spate twice, and this can
decimate a stream fauna (Lake, 1957 for New South Wales streams; Jones,
1941, for the River Dovey).
In the Molonglo, zinc concentrations rise after heavy rain, particularly
in the more upstream stations, when quantities of dissolved zinc salts
are conveyed down the river. This is another reason for thinking the
effects of floods in the Molonglo would be more severe than in an
unpolluted system.
Toxic pollution by heavy metals, unlike organic pollution, characteris
tically persists for a considerable time after its initial effects on a system.
This has been demonstrated in the zinc-polluted River Ystwyth in North
Cardiganshire. When pollution was severe, only nine invertebrate species
were recorded in the river (Carpenter, 1924). Eighteen years after mining
ceased there were sixty-three species (Jones, 1940). Numbers did not rise
significantly later (Jones, 1958), and Hirudinia, Oligochaeta, Mollusca,
and Crustacea were still missing. Similarly, we expect that the effects of
zinc pollution on the fauna of the Molonglo will persist for a considerable
time. The study of recolonization of the stream by various groups could
well prove very interesting.

The Fish
Examination of Figs. 11:6-8 reveals clearly that during the river experi
ments the mean ionic zinc values tended to decline with distance down
stream, though, if anything, this tendency was reversed for zinc other
than ionic zinc (i.e. total zinc minus fionic’ zinc); the geochemistry of
this phenomenon has been considered briefly above. None of the trends
are, however, particularly conclusive. For instance, the mean ionic zinc
for experiment 1 was lower at Station 4 than at the other three stations.
In experiment 2 the differences in ionic zinc between Stations 4, 5, and
6 (though indicating a slight tendency towards a progressive decrease
downstream) were so small as to be hardly distinguishable, and certainly
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cannot themselves be held to account for the observed mortality differences
that occurred at these stations.
The explanation of this apparent anomaly probably lies in the limita
tions of our sample collections of water. The often pronounced changes
with time found in the zinc values at any station (e.g. Fig. 11:7) show
that the means based upon such values can only be very rough indices.
Enormously greater frequency of water sampling than was possible in
our study would have been needed to delineate fully the mean pattern of
pollution in time at each station. On the other hand, even if we are
correct in our attempt to explain why ‘non-ionic’ zinc is unexpectedly
higher downstream, it is undeniable that after heavy rain inflow of water
from the disposal stacks at Captains Flat may cause temporary elevations
of zinc of considerable magnitude at Station 4 (Fig. 11:7). Over extended
periods, such zinc ‘pulses’, combined as they are with very low pH and
the appearance of detectable amounts of copper, are liable to make the
river at this point, and perhaps for several miles downstream, very
unfavourable for fish survival. We believe, then, that the chemical data
in Figs. 11:6-8 are only a very rough guide to the conditions in the
water, and that distribution of invertebrates and performance of fish in
live-boxes provide more satisfactory criteria for judging the severity and
pattern of pollution for organisms within a river, once a chemical test
establishes that a toxic substance is present.
With a single ‘anomalous’ exception of rainbow trout in experiment 3,
the least toxic station for fish was Station 10. Here also the abundance
and variety of invertebrates is intermediate between a ‘normal’ and a
‘polluted’ fauna. In water taken periodically from the Molonglo at Station
11 both brown and rainbow trout survived nearly three months in tanks,
TABLE 11:7 Mean maximum and minimum temperatures (°C.) in the
Molonglo River during fish exposure experiments
4

5

6

10

max.
m in.
difference

6-9
3 0
3 -9

8 -5
2-5
6 0

5-8
3 -5
2-3

5 -7
3 -5
2-2

m ax.
m in.
d if f e r e n c e

8-7
41
4 -6

9 0
3-3
5-7

7 0
4-8
2-2

7 -7
5 -5
2-2

m ax.
m in.
d if f e r e n c e

16 9
10-8
61

18-6
9-8
8 -8

15 -5
11 -5
4-0

171
11 -7
5 -4

S tation
E x p erim en t 1
J u l y 196 2

E xperim ent 2
A u g . 196 2

E xperim ent 3
A p r i l 1963
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and the invertebrate fauna at Station 11 is a quite ‘normal’ one again.
Trout mortalities in the 1963 field experiment were about the same
(even a little higher) than in 1962 (Figs. 11:6 and 8). In accounting for
this we are faced with the difficulty that zinc levels were much lower in
1963 (Figs. 11:6-8).
In the first place, however, the 1963 experiment was done in April
(autumn) compared with July (mid-winter) for the 1962 experiment,
when water temperatures were much lower (Table 11:7). In the second
place calcium and magnesium levels were lower in 1963 than in 1962
(Table 11:4), and it has already been indicated that water hardness may
be an important key in determining levels of toxicity (Lloyd, 1960). In
the third place trout in the 1963 trials were much smaller than those
of 1962 (see Table 11:8); this may, or may not, be important.
In concluding this section it is worth remarking that few, if any, fish
have permanently inhabited the mainstream of the Molonglo between
Captains Flat and Queanbeyan for many years. Initially we were unwill
ing to postulate whether this was due to the destruction of the original
populations through poisoning or to their mere abandonment of a noxious
environment. Nor could we guess, of course, whether toxic conditions
were preventing re-entry of fish into the river or if fish were actively
avoiding these conditions. Interesting recent work by Sprague, Elson, and
Saunders (1964), however, has shown that salmon can sense and actively
avoid astonishingly low concentrations of dissolved copper and zinc—
values of the order of 2 to 10 per cent of incipient lethal levels! There
therefore appears to be excellent reasons to suppose that trout may readily
sense the toxicity of the Molonglo River and avoid it. On the other hand
we must not be too hasty in arriving at this conclusion. The zinc levels
in Lake Burley Griffin itself are around, or higher than, the concentrations
that salmon avoid. Yet trout are thriving in the lake. If they could sense
TABLE 11:8

E x p e rim e n t

Sizes of fish used in experiments

Species

R a n g e in
len g th
(cm )

R a n g e in
w eight
(g)

T a n k e x p e rim e n t

S a lm o tru tta
S . gairdneri

7 -0— 12 -0
6 -1 — 8 -8

3 -5— 1 7 -0
2 -4— 8 -6

F ield e x p e rim e n t
1

S . tru tta
S . gairdneri

7 -1 — 10-9
6 -3 — 11 -7

3 -1 — 13 -2
3 -4— 18 -0

F ie ld e x p e rim e n t
2

C arassius carassius
Tandanus tandanus

5 -0 — 12 -0
4 -6— 5 -8

1 -0— 26 -7
0 -9— 1 -8

F ie ld e x p e rim e n t
3

C. carassius
S . tru tta
S . gairdneri

5 -1— 13 -7
4 -5— 9 -4
3 -9— 5 -9

1 -2— 33 -0
0 -8— 8 -9
0 -4— 2 -3

276

AUSTRALIAN INLAND WATERS AND THEIR FAUNA

that conditions in it were slightly unfavourable we would have expected
them already to have deserted it and moved up into the unpolluted
Queanbeyan River.

CONCLUDING COMMENTS
One of the greatest difficulties facing field workers dealing with an actual
problem in pollution is to evaluate their findings against the data
obtained by laboratory experimenters. So far as invertebrate animals
are concerned there is little difficulty in the present study, because of the
paucity of published experimental investigations. That the zinc pollution
of the Molonglo River has affected the fauna over a thirty-mile stretch
of the river is beyond dispute; there is indication of a ‘normal’ fauna above
and below the zone of readily detectable pollution, and immediately
below the pollution source a notably poor fauna, both in variety and
numbers. Furthermore, the faunas of two streams tributary to the Molonglo
are quite ‘normal’ as compared with the stretches of the Molonglo
adjacent to their junction with that stream. But we do not pretend to
understand the mechanism by which the polluting zinc has achieved its
effects, though we have indicated that these may be ‘direct’ or ‘indirect’
and attempted to suggest the mode of action of the more ‘indirect’ influences
(i.e. through food deterioration and substratum instability).
The literature, though containing many references to the effects of
zinc on fish under experimental conditions, has, in general, little material
to throw light on our results. The best and most relevant work appears
to be that of Lloyd (1960) who studied the toxicity of zinc sulphate to
rainbow trout fingerlings. Though parallels can be drawn only with
caution, it does appear that the thresholds of toxicity of zinc for rainbow
trout which Lloyd determined (with levels of calcium not dissimilar to
ours) were of the same order as the levels of zinc generally present in
the Molonglo in 1962, and decidedly higher than those in certain experi
ments we performed. In other words, Lloyd’s data tend to confirm ours
in suggesting that conditions in the Molonglo above Queanbeyan are just
at or above the level of tolerance for rainbow trout, while below Quean
beyan the zinc levels are too low to be a problem. Actually this degree
of agreement is, considering all the differences in our investigations, fairly
close.
The tank experiments mentioned above but not described in detail
here were an attempt to find out whether rainbow and brown trout could
survive in the laboratory in water from the Molonglo River near Station
13. This water was changed fairly regularly and both rainbow and brown
trout survived in it in apparent health for seventy-nine days, when the
experiment was terminated. Mean ionic zinc levels in the tank were about
0-3 p.p.m. (0-2-0-5 p.p.m.). Other trout were held in Queanbeyan
River water as controls.
Brown trout have apparently not been investigated in the laboratory,
but our findings from field work suggest they are quite clearly better
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able to survive under field conditions of exposure to zinc than are
rainbows. Crucian carp are clearly superior to both trout species, to
judge from experiment 3 when they were exposed with them; the few
references that are at all relevant (e.g. Ellis, 1937, on goldfish, a closely
related species, Carassius auratus) also suggest they have a much greater
tolerance to zinc than trout have.
We should point out that though persistent presence of zinc in the
Molonglo River seems to have been the cause of the major toxic effects,
copper is sometimes detectable, though its concentration is very much
lower (Tables 1 1 :1 ,2 ). However, both Lloyd (1961) and Sprague (1964)
have reported on levels of zinc and copper, separately and in mixtures,
that are toxic to brown trout and to Atlantic salmon, and both found
copper and zinc were synergistic to each other in action. The copper
values in the Molonglo River before the mine closed appear to have
been of the order of those Lloyd and Sprague reported toxic to salmonids.
The post-closure values appear rather too low to be toxic even in the
relatively low concentrations of calcium in the water of the Molonglo.
But the concentrations of copper that followed the heavy rains of the
second fish experiment in the Molonglo are certainly sufficiently high
to have augmented powerfully the toxic effects of the high zinc values
then noted.
It is also interesting that an apparent implication of our data—that
it is ‘ionic’ rather than ‘non-ionic’ zinc to which fish are susceptible—
appears to be indicated also in the laboratory studies of Sprague (1964)
on salmon.
At present the zinc in Lake Burley Griffin (about half full at the time
of writing) has ranged between 0-012 and 0-121 p.p.m. total zinc. In
this water there is already an abundant macrozooplankton of Cladocera and Copepoda, with Rotifera also well represented in the first few
weeks of filling; recently a notable addition has been the freshwater
medusa Craspedacusta sow erb i (Lankester).
In view of all the evidence, we believe it fairly safe to predict that
trout and Crucian carp will survive in the lake, and that a normal lentic
invertebrate fauna—which will probably form much of the food for trout
and some for carp—will colonize the water and benthic regions of the
lake.
Our method of approaching this problem has been to analyse the main
chemical aspect of the pollution by means of a geochemical study and
to treat the question of the effects of pollution on the fauna as a kind
of bio-assay problem. Because of the complexity of the pollution and
the variability of the substratum conditions in the river, the results we
have obtained are not simple to interpret. Nevertheless, we believe that
they can all be reasonably located within a framework of orthodox geo
chemistry and of what is already known of stream pollution phenomena.
This type of approach can lead to much clearer understanding of the
nature and cause of pollution than a reliance on chemical analyses alone.
These are, after all, dependent on rapid and spasmodic changes with
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time, whereas an ecological assessment, in conjunction with a more
fundamental chemical study, though tedious to carry out, can lead to
much more meaningful information. Anyway, since as far as metal
pollution is concerned it is not knowledge of health risks, but of the
effect on river or lake biotas (here, fish and their food organisms) that is
required, one must necessarily evaluate the biological effects directly.
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Chlorostracia, 128, 130
Clonorchis sinensis, 139
Corbicula, 126, 127
nepeanensis, 127
Corbiculina, 126, 127, 146
sikarae, 126
Coxiella, 131, 133, 134, 135, 146
striata, 98
Coxielladda, 133, 134, 146
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Craspedacusta sowerbi, 277
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Craterocephalus fluviatilis, 196
Crinia, 175, 185
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leai, 163, 185
Barleeia, 130
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Batissa, 126, 127, 146
parinsignifera, 153, 160, 161, 163, 167
Beddomeia ( = Tasmaniella, Beddomriparia, 153, 154, 185
ena), 132, 136, 146
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Bidyanus bidyanus, 196, 207, 236, 254
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Bithynia huonensis, 130
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sloanei, 153, 160
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triarticulata, 81, 97
tasmaniensis, 153, 154, 163, 168, 170
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Cyprinus carpio, 196, 197, 217, 220, 225,
Caenestheriella gynecia, 100
232, 233, 249
Cäenis, 248
Cyrena, 127
Calamoecia, 79, 80, 92, 94, 98
ampulla, 91
Daphnia magna, 271
clitellata, 80, 94, 97, 101, 245
Denisoniensis, 139
lucasi, 81

Acartia, 87
tonsa, 79
Adelotus, 175, 179, 182
brevis, 153, 159, 160, 180, 181, 182
Alathyria, 124, 125, 146
Ambassis castelnaui, 196
Amerianna, 138, 142-3, 147
Anaspides, 240
Ancylastrum ( = Legrandia), 141, 142,
147
Ancylus, 141
fluviatile, 271
Angrobia, 132, 138, 146
angasi, 132
cooma, 133
Anguilla australis occidentalis, 219, 236
reinhardti, 236
Anodonta cygnea, 90
Anodontites, 124
Anticorbula (? = Fluviolanatus), 126,
128, 146
Antimelania, 137
Archiperlaria, 241
Artemia, 97
salina, 99-100
Astacoides, 112
Astacopsis, 109, 110
Astaconephrops, 113
Atya, 109, 115
striolata, 117, 119
Austroastacus, 109, 110
Austrochiltonia subtenius, 244
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Diala, 130
Diaptomus, 94
spinosus, 97
stagnalis, 101
Diplodon, 124
Dyeriana, 132
Eatoniella, 130
Engaeus, 109, 110, 112, 113, 114, 120
Engystomops pustulosus, 183
Eocarcinus praecursor, 119
Eriocheir sinensis, 120
Esox lucius, 209
masquinongy, 209
Euastacoides, 109, 110
Euastacus, 109, 110, 113, 114, 206
Eurytemora, 92
Ferrissia, 141
Fijidoma, 137
Fluvialosa richardsoni, 196, 206
Fluviopupa ( = Fluvidona), 132, 136,
146
Forsancylus, 140, 142
Gabbia, 133, 134, 146
australis, 133
Gadopsis marmoratus, 196, 236, 250
Galaxias attenuatus, 193
bong bong, 196
planiceps, 196
Gambusia affinis, 196, 217, 225
Gammarus pulex, 271
Gastrosaccus dakini, 87
Gecarcinautes, 118
Gecarcinucus, 118
Geloina, 126, 127, 146
Geocharax, 109, 110
Glacidorbis, 143, 144
Glacilimnaea, 140
Gladioferens, 79, 80, 92
pectinatus, 81, 85, 86, 88, 92
spinosus, 81, 92
symmetricus, 81, 88, 93
Glaucostracia paulucciana, 128
Glauertia, 175, 185
Globonautes, 18
Glyptophysa ( = Glyptamoda), 138, 147
Gundlachia, 142
Gyraulus (? = Plananisus, Glyptanisus,
Segnitila), 141, 143, 147
Halicarcinus lacustris, 109, 120
Heleioporus, 175, 179, 180, 184
albopunctatus, 181
australiacus, 153, 159, 160, 163
Helicorbis (? = Segnitila), 141, 143,
144, 147
Heloecius cordiformis, 87
Hemiboeckella, 79, 80
Hemistomia, 130
Hydrococcus, 133, 134, 145, 146
Hydrotelphusa, 118

Hyla, 175
albopunctatus, 180
aurea, 176, 177
aurea aurea, 153, 159, 160, 161, 169,
170
aurea raniformis, 152, 153, 160, 161,
162, 163, 167, 169, 170, 189
australicus, 163
bicolor, 153, 159, 160, 176
booroolongensis, 153, 159, 160, 177
burrowsi, 153, 154
caerulea, 153, 160, 161, 162, 176, 177
chloris, 153, 159, 160
citropa, 153, 159, 160
dentata, 153, 159, 160, 176
ewingi, 153, 155, 157, 158, 163, 167,
168, 170, 176, 177, 188, 189
eyrei, 180, 181
freycineti, 153, 159, 160
gilleni, 177
infrafrenata, 177
jervisiensis, 153, 159, 160, 176
latopalmata, 153, 161, 176
lesueri, 153, 159, 160, 177, 178
maculata, 153, 154
moorei, 163
pearsoniana, 177
peroni, 153, 160, 161, 162
phyllochroa, 152, 153, 159, 160, 176
rubella, 177
verreauxi, 155, 157, 159, 160, 168,
170, 176
verreauxi alpina, 153, 162, 165
Hyridella, 124, 125, 146
Iravadia ( = Pellamora), 134, 135, 146
Isias clavipes, 79
tropica, 79
uncipes, 79, 80, 85, 87
Isidorella ( = Oppletora), 138, 142, 143,
147
newcombi, 143
Jardinella, 132, 136, 146
Juncus, 262
Koonunga, 240
Kyarranus, 175, 179,
184
loveridgei, 181
sphagnicolus, 181

180,

181,

183,

Larina, 129, 130, 139, 145, 146, 147
strangei, 128
Lechriodus, 175, 179, 182, 183, 189
fletcheri, 153, 159, 160, 180, 181, 182,
189
Leptodactylus pentadactylus, 183, 184
Leptospermum, 262
Liberonautes, 118
Limnocalanus, 79
Limnodynastes, 175, 179
dorsalis, 156, 161, 163, 179, 180, 182,
183, 184
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Limnodynastes— continued
dorsalis dumereli, 153, 160, 162,
170, 181
dorsalis grayi, 153, 159, 160
dorsalis insularis, 153, 155, 158,
170
dorsalis interioris, 153, 160
fletcheri, 153, 159, 161, 180
peroni, 153, 162, 163, 167, 180,
tasmaniensis, 153, 155, 157, 158,
161, 167, 170, 179, 180, 181,
184, 189
Lortiella, 124, 125, 146
Lymnaea, 138, 147
lessoni, 140
stagnalis, 249
tomentosa, 139-40
Maccullochella macquariensis, 196,
206, 207, 236, 246, 250, 254
mitchelli, 196
Macquaria australasica, 196, 236,
250
Macrobrachium, 109, 115, 116, 121,
206, 208, 209
novaehollandiae, 115
Madigania unicolor, 196
Melania, 137
Melanotaenia fluviatilis, 196
Metacrinia, 175, 187
Metapenaeus mastersii, 86
dalli, 86
Micraspides, 240
Mixophves, 175, 185
fasciolatus, 152, 153, 159, 160,
178, 179
Modiolus, 126, 128, 146
confusus, 128
Mogurnda striata, 196
Mordacia mordax, 196
Musculium, 127
Mutela, 124
Myobatrachus, 175, 187

166,
167,

184
160,
182,

Palaemonetes, 109, 116, 117, 121
australis, 87

SPECIES
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Parabroteas, 79
Paragonimus westermani, 139
Paranaspides, 240
Parastacoides, 109, 110
Parastacus, 112
Parathelphusa, 109, 115, 118
transversa, 120
Paratya, 109, 115, 117, 119
australiensis, 119, 246
Parisia, 109, 116, 119
Penaeus esculentus, 89
latisulcatus, 89
merguiensis, 89
Peres 223

205,

Nannoperca australis, 196
Neobatrachus, 175, 179
centralis, 153, 162
pelobatoides, 163
pictus, 153, 160, 163, 166, 182
Neoceratodus, 241
fostersi, 108
Nerita, 135, 136
Neritina, 128, 129, 135, 146
Nodularia spumigera, 45
Notaden, 175, 179
Notopala, 128, 129, 146
Obesitena, 134, 135, 146
australis, 135
Oithona, 87
Onchorynchus tschawytscha, 217
Osphrantium, 79

AND

246,
204,

177,

fluviatilis, 196, 198, 199, 200, 206,
217, 220, 223, 230, 233, 236
Percalates, 193
colonorum, 250
Pettancylus ( = Forsancylus), 140, 141,
142, 147
australicus, 141
Petterdiana, 132, 136, 146
Philoria, 175, 179, 180, 181
frosti. 153, 154, 162, 180, 181, 182
Philypnodon grandiceps, 196
Phragmites communis, 262
Phrantela, 132, 136, 146
Physa, 143, 147
Physastra ( = Lenameria, Tasmadora,
Mutalena), 138, 141, 142, 143, 144,
147
gibbosa, 144
vestita, 143
Pisidium ( = Australpera, ? = Glacipisum), 126, 127, 146
Plectroplites ambiguus, 196, 203, 204,
205, 236, 244
Plotiopsis, 129, 131, 137, 139, 147
balonnensis, 137
Polymesoda, 127
caroliniana, 127
Polypylis, 143
Posticobia, 132, 136, 146
Potamon, 118
Potamonautes, 118
Potamopyrgus ( = Austropyrgus, Rivisessor), 130, 132, 133, 135, 136,
146
jenkinsi, 133, 135
Prisodon, 124
Problancylus (? = Stimulator), 141, 142,
147
Prototroctes maraena, 250
Pseudaphritis d’urvillii, 219
Pseudengaeus, 109, 110
Pseudoboeckella, 79
Pseudodiaptomus, 85, 87
Pseudophryne, 175, 185, 186
australis, 153, 159, 160, 186
bibroni, 153, 156, 161, 163, 166, 169,
170, 186, 187
corroboree, 153, 154, 162, 165, 186,
187
dendyi, 153, 155, 160, 162, 170, 186
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Pseudophryne— continued
occidentalis, 163
semimarmorata, 153, 158, 167, 170,
187, 189
Pseudopotamis, 131, 139, 147
Puntius, 197
Pygmaniscus (? = Glacidorbis), 141,
143, 144, 147
Rana temporaria, 188
Retropinna semoni, 196, 206
Rhinichthys osculus, 198
Rhopalophthalmus brisbaniensis, 86
dakini, 87
Ripalania, 131, 139, 147
Rutilis rutilis, 217, 233
Salix, 262
Salmo gairdneri, 196, 217, 220,
254, 275
salar, 218
trutta, 196, 217, 220, 233, 254,
trutta forma fario, 220
trutta forma trutta, 220
Schistosoma mansoni, 144
Scleropages, 14, 241
leichhardti, 108
Sermyla ( = Sermylasma), 131,
138, 147
Sesarma erythrodactyla, 87
Simlimnaea, 140
Sinocalanus, 79
Sphaerium ( = Sphaerinova), 126,
146
Stenomelania, 131, 137, 138, 139,
denisoniensis, 138, 139
Stenothyra, 135
australis, 135
Stimulator, 141

233,
275

137,

127,
147

Streptocephalus seali, 101
Stygiocaris, 109, 116, 119
Sudanautes, 118
Sulcanus conflictus, 88, 92
Sulcospira, 137
Tandanus tandanus, 196, 201-3, 236, 254,
275
Tarebia, 137
Tatea ( = Pupiphryx), 130, 132, 138,
146
cooma, 132
dyeriana, 132
rufilabris, 130
smithii, 132
Tenagomysis, 92
chiltoni, 92
Tenuibranchiurus, 109, 110
Thiara, 129, 137, 147
amarula, 137
amaruloidea, 137
Tinea tinea, 196, 206, 217, 220, 233
Truncatella, 135
Tylomelania, 137
Typha angustifolia, 262
Typhlopasta, 119
Uperoleia, 175, 185
marmorata, 153, 159, 160, 161
rugosa, 152, 153, 161, 162
Valvatasma, 132, 136, 146
Velesunio, 124, 125, 146
ambiguus, 124
Vivipara, 128
Westralunio, 124, 125, 146
Zostera, 84

Subject Index
Algae, 232, 262, 263, 272
Alice Springs, salinity of groundwater
near, 39
Alps
Australian, 3, 4, 10
European, 5
Annual flow in rivers used in irrigation,
7
Antarctic ice cap, 165
Anura
allopatry in, 150
distribution and Murray River, 162
hybridization in, 151
mating calls of, 151, 153, 167
as montane fauna, 162-3
reproductive isolation in, 150
sympatry in, 150
water dependence of, 176
See also Egg-masses, Tadpoles
Anuran fauna
components of, 153, 154-62
eastern temperate component, 158,
159
relations between south-east and south
west, 163
Southern Murray basin component,
160
southern temperate component, 154,
158
wide-ranging component,. 161-2
‘Arid Period’, 165
Artesian waters, 19, 34, 55, 58
Athalassic waters, 81, 101
Atherton Tableland (Queensland), lakes
of, 52
Australia
geographic isolation and faunal char
acteristics, vi, 107
rainfall, vi, 3
topography relative to inland waters, 3
Australian Conservation Foundation, vii
Australian freshwater fish fauna, relation
of, to Oriental, 108
Australian National Parks Association,
vii
Australian smelt, 196
Australian Society of Limnology, vii
Biogeography of Australian
waters, 13-14
Bivalves, 123, 125
Bony bream, 196
Bourke, air temperatures at, 8
Brackish waters, 84

inland

Venice symposium on the classifica
tion of, 87, 88, 90
Branchiopods, adaptation to inland
waters, 99-101
Brindabella Ranges, 154, 155
Brisbane River, salinity range in estuary
of, 86, 87
Brown trout, 196, 217, 218, 220, 221,
225, 226, 228, 233, 234, 236, 254,
268, 270, 274, 277
See also Trout
Burley Griffin, Lake (A.C.T.), 252, 275,
277
Calvert’s Lagoon (Tasmania), 26
Canberra (A.C.T.), 9
Cane toad, 249
Capricorn, Tropic of, 3
Captains Flat, 252, 254, 256. 259, 262,
274, 275
mineralization at, 254
Caspian Sea, 83
Catfish (freshwater), 196, 197, 198, 201,
202, 203, 210-13, 236, 237, 254,
268-9
breeding biology and development of,
202

Centropagidae, 78-101
meristic features of, 80
salinity tolerance of, 99
Chaika Creek (Victoria), 250
Chemical composition of lentic waters
(basic data)
New South Wales, 71
Northern Territory, 67-8
Queensland, 69-70
South Australia, 68-9
Tasmania, 64-5
Victoria, 63-4
Western Australia, 65-7
Chemical composition of lentic waters,
changes in, 59
New South Wales, 55, 56
South Australia, 41-4
Victoria, 22
Chloride, relative to total solids, 35
Chloride-to-total solids ratios, Lake
Monger (Western Australia), 35
Classification of aquatic environments,
81
Coastal lakes (Queensland), 47
‘Coastal’ waters and crustacean fauna,
93-4
Conservation
of inland aquatic fauna, 240-1
scope and aesthetics of, viii
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Continental drift
and bivalves, 124
and distribution of Parastacidae, 113
Copepods and evolution of osmoregula
tion. 79
Copper Creek, 255, 256, 262, 264, 265
Crayfish, distribution of Australian
genera, 110
Crucian carp, 196, 217
distribution of, 224-5
food of, 232
breeding of, 233
zinc tolerance of, 254, 268, 269, 270,
277
Curtin Springs (Northern Territory),
salt deposits near, 39
Darling River
droughts and, 7
length of, 192
temperatures in, 8
Decapods, Australian freshwater
adaptation to freshwater, 110
distribution of, 108-10, 112-20
families of, 109
Decapods, phylogeny of, 111
Dissolved solids in lentic waters, range of
New South Wales, 12, 53-4
Northern Territory, 37
Tasmania, 25
Western Australia, 28-30
Droughts, effects on lakes of, 10, 11, 43
Eastern Highlands, 3-5
Eel, 219, 236
Egg-masses of Anura, 175-84
foamy, 175, 176, 179-81, 183, 184
formation of, 179-80
floating, 176, 179
non-foamy, 175, 179
Eildon Reservoir (Weir), 246
Endorheic drainage systems, Victoria, 20
English (European) perch, redfin, 196,
198, 199, 201, 206, 213, 217, 230,
231, 233, 234, 236
distribution of, 223, 235
introduction of, 223
Estuarine systems, 84-8
European (common) carp, 196, 217,
225, 233, 234, 237
Evaporation and growing periods in
Australia, 6
Farm dams, 10-13
fish in, 13
temperatures in, 10
volume changes in, 12-13
Faunal affiliations of viviparids, 145
Fish, introduced, 217-39
distribution of, 218-25
effects on native species, 236-7
food of, 231-2
growth of, 225-31, 235-6
interspecific competition and, 236

list of, 217-18
spawning periods, 232-4
Fish, native, 192-213
appearance of, 201-2, 203, 205, 207,
208
breeding biology of, 202, 203, 205-6,
207- 8, 209
distribution of, 202, 203, 205, 207,
208- 9
food of, 202-3, 206, 208, 209
temperature tolerances of, 210-12
Flat-headed gudgeon, 196
Flat-headed minnow, 196
Flinders Island, 25
Flinders Ranges (South Australia), 11,
154
Freshwater, chemical criteria for, 89-91
Freshwaters in Australia
proportion among inland waters, 58-9
values for, 91
Glaciation, effects on amphibian fauna,
166-71
‘Glochidium’ larva, 24
Golden perch, 196, 197, 198, 199, 200,
203-5, 207, 210, 211-12, 236, 250
breeding biology and development,
203-4
Goldfish, 196, 206, 217, 224-5, 232, 233,
277
Great Australian Artesian Basin, 12, 19,
45, 47-9, 52, 58
Great Lake (Tasmania), 244
Great Sandy Desert, 110
Great Victoria Desert, 110
Hattah Lakes (Victoria), 250
‘Haustoria’ larva, 124
Hermaphroditism in limnaeids, 140
Hume Reservoir (Victoria), 192
Humidity, effects on river temperatures,
8

Hypersaline marine waters, 88
Hypersalinity through evaporation, 89
Inland mountain trout, 196
Inland waters
biological unity of, 98-101
classification and terminology, 18-19
scope of term, vii
See also Saline (inland) waters
Intra-oval embryos, survival of, 185-6
Introduced species, effects of, 249-50
Introductions of fish, 217-18
Ionic composition of lentic waters
New South Wales, 57
Northern Territory, 38, 39
Queensland, 51
South Australia, 46
Tasmania, 27
Victoria, 23, 24
Western Australia, 33
Ionic order of dominance in lentic
waters, 60

SUBJECT

Ionic order of dominance in lentic waters
— continued
New South Wales, 58
Northern Territory, 39
Queensland, 50, 52
South Australia, 44-5
Tasmania, 27-8
Victoria, 23
Western Australia, 34
Ionic ratios in coastal waters, 93-4
Jolly-tail, 193
Kulkyne State Forest, 250
Lachlan River, 5
effects of droughts on, 7
Lake George Mine, 253, 254, 255, 256,
257
Lakes
Albacutya (Victoria), 21
Bathurst (New South Wales), 11
Buchanan (Queensland), 47
Callabonna (South Australia), 44-5
Cootralantra (New South Wales),
54
Corangamite (Victoria), 23, 82, 97,
247
Corella (Northern Territory), 37
Crosby (Victoria), 20
Cullulleraine (Victoria), 243
Dobson (Tasmania), 9, 64
Eyre (South Australia), 5, 11, 43
Frome (South Australia), 5
George (New South Wales), 10-11,
58, 83
Hindmarsh (Victoria), 21
Illawarra (New South Wales), 86, 87
Macquarie (New South Wales), 85
Monger (Western Australia), 35
Pink (Victoria), 21
Sylvester (Northern Territory), 37
Tarli Karng (Victoria), 21, 244
Tyrrell (Victoria), 21
Woods (Northern Territory), 37, 38
Victoria (Victoria), 88
Lakes, temperatures in, 9
‘Lasidium’ larva, 124
Lentic waters
artificial, 55
artificial, fresh, 40, 47
artificial, permanent, 37
ephemeral, saline, 37, 40
permanent, saline, 40
inland, saline, 55
natural, 36
natural, fresh, 40, 47, 54-5
natural, saline, 48-50
See also Chemical composition
Limnocrenes, natural and artificial, 19
Limnology, International Association of
Theoretical and Applied, 240
Macquarie perch, 196, 197, 236, 246,
250
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Macrobrachium, distribution of, 116
Mallee-Wimmera water-supply system,
21

Mississippi River
runoff for, 3
temperatures in, 8
Mitchellian freshwater hardyhead, 196
Mixohaline
waters,
meaning
and
synonomy, 83
Molluscs
classification of, 146-7
derivation of, 145-6
and drought resistance, 139
and endemism, 145
and ‘freshwater’ environment, 145
and ‘Southern Element’ in fauna, 146
Molonglo River, 252-77
fish mortality in, 267-70, 273-5
hydrolysis of zinc ion in, 259-62
pollution in, 255-9
pollution chemistry of, 264-5, 267-78
pollution fauna of, 265-7, 271-3
sampling stations in, 253, 255, 262,
263
Mosquito fish, 196, 217
distribution of, 225
Mound-springs, 19
in South Australia, 40-1, 44
Mount Baw Baw (Victoria), 154
Mount Gambier (South Australia), vol
canic lakes near, 45
Mount Kosciusko, 3, 154, 155, 192
Mount Lofty (South Australia), 154
Mundaring Reservoir (Western Aus
tralia), 34
Murray cod, 196, 197, 205, 206, 209,
236, 246, 250
breeding biology and development,
205-6
Murray River
area of basin, 6, 192
catchment, 3
effects of weirs in, 245-6
and Hattah Lakes, 250
length of, 192
rainfall over basin, 192
Murray-Darling River system, v-vi,
5, 192
fish distribution in, 193, 197, 202, 203,
205, 207, 208, 209, 221, 222, 223,
224, 235
in irrigation, 6
length of, 6
physico-chemical conditions in, 194-5,
199-200
runoff for, 192
temperatures in, 193
Murrumbidgee River, 5
length of, 192
temperature in, 9
National Capital Development Commis
sion, 252
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Native fish, breeding biology of, and
floods, 197-9
Newcastle Creek (Northern Territory),
37
New South Wales, lentic waters in, 53-8
Northern Territory, lentic waters in,
36-9
Ovoviviparity in Australian
viviparids, 130
thiarids, 137
Pesticides, 248
PH
in Australian lentic waters, 60
in Lake George (New South Wales),
58
in New South Wales, 58
in Northern Territory, 39
in Queensland, 52
in South Australia, 45
in Tasmania, 28
in Victoria, 23
in Warragamba Dam (New South
Wales), 58
in Western Australia, 35
Pleistocene, influence on fauna, 163-6
Poikilohaline waters, 82, 88
Poikilosaline waters, 82
marine, 83
Pollution
copper, 248, 258, 269, 270, 274-5
of Victorian rivers, 248-9
zinc, 252-78
See also Molonglo River
Purple-spotted gudgeon, 196
Queanbeyan (New South Wales), 253,
258, 263, 275
Queanbeyan River, 253, 254, 258, 263,
265, 266, 267, 276
Queensland, lentic waters in, 47-53
Quinnat salmon, 217
Raak Plain (Victoria), 21
Rainbow fish, 196
Rainbow trout, 196, 217, 218, 221, 225,
226, 233, 234, 236, 254, 260, 268,
270, 274, 276, 277
See also Trout
Rainfall
of Australia compared with world
average, 18
of Eastern Highlands, 6
effects on inland waters, 4
pattern, 4
unreliability of, 7
‘Redeke-Valikangas’ system, 85, 86, 87
Rivers
Amazon, 3
Barcoo, 11
Brunette Creek, 36
Clarence, 152
Congo, 3
Danube, 3

Diamantina, 11
Elkedra, 36
Finke, 36
Goulburn, 245
Hawkesbury, 87
Hugh, 36
Hunter, 4, 5
Ranken, 36
Yangtze, 3
River blackfish, 196, 197, 219, 236
River pools (Northern Territory), 36
Roach, 217, 225, 231
Saline (inland) waters in Australia, 82,
94-8
Beachport-Robe Lakes (South Aus
tralia), origin of, 95-6
Buchanan, Lake (Queensland), 47
chemical attributes of, 95, 97
derivation of salts in, 94-6
distinctive faunal elements in, 94-8
lakes and playas (Victoria), 20
proportion of, 58-9
Salinity tolerance
of bivalves, 128
of shrimps, 87
Salmon, 275
introduction of, 218
‘Salt’ deposits and Lake Callabonna
(South Australia), 45
Salt lake snails, 135
Salt loss from salt lakes in South Aus
tralia, 43-4
Salt-pans at Tunbridge (Tasmania), 25
Salton Sea (California), 83
Salts, origin of, in Australian
inland waters, 83-4
lentic waters, 60-2
Sand-dune lakes, coastal, fresh, 93
Sandfish, 219
Seasonal effects on water chemistry of
Lake Corangamite (Victoria), 23
Short-headed lamprey, 196
Siltation and bushfires, 248
Silver perch, 196, 197, 200, 207-8, 21012, 236, 237, 254
breeding biology and development,
207-8
Snowy Mountains, 3
Somerset Dam (Queensland), 50, 52
South Australia, lentic waters in, 39-46
Southern pigmy perch, 196
Spangled perch, 196, 197
Speckled dace, 197
Spencer Gulf, reservoirs near, 45
Springs, natural, 58
Sub-artesian waters, 19, 34, 55
Swan River (Western Australia), estuary
of, 87
Syncarids, 240
Tadpoles
cannibalism among, 189
ecology of, 188-90
food of, 188-9
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T adpoles— continued
mouth discs of, 178
size and growth, 189-90
types and habitats, 177, 181-2, 187,
188, 189, 190
Tasmania, lentic waters in, 25-7
Tasmanian Central Plateau, lakes in, 9
Tench, 196, 201, 206, 217
distribution of, 222-3, 235
food of, 232
growth, 225, 230-1
introduction, 222
spawning, 222-3, 233, 235
Third Interstate Conference on Artesian
Water (1921), Report, 19
Tinaroo Falls Dam (Queensland), 50
Trout, 217, 236, 237, 238, 249, 254,
268, 270, 275, 276, 277
distribution of, 218-22, 234-5
food of, 231-2
growth and temperature, 226-30, 235
introduction, 218
spawning, 219-21, 233
See cdso Brown trout, Rainbow trout
Trout cod, 196, 197, 206-7
‘Veliger’, 139
‘Venice’ system, 84-6, 96
Victoria, lentic waters in, 19-24

INDEX

Victorian inland waters, 240-51
Victorian State Rivers and
Supply Commission, 19
canals of, 245
Viviparity in gastropods, 126
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Water

Wallace’s Line, relative to Australian
inland fishes, 108
Water hyacinth, 249
Water storages (Victoria), 241-7
chemistry of, 243-4
fauna and fluctuations, 244-50
extent of, 242-3
Western Australia, lentic waters in, 28-35
Western carp gudgeon, 196, 197, 206,
208, 209
breeding biology and development, 209
as food of Murray cod, 197, 209
Western chanda-perch, 196
Whiskers Creek, 253, 262, 265
Wilcannia, air temperatures at, 8
Yabbies, 206
Zoogeographie region, relation of Orien
tal to Australian, 107
Zoogeographie subregions, Australian
faunal, 152
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