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Executive Summary

Executive summary:
1. Introduction
A key aim of the project was to identify environmental conditions responsible for the occurrence of
blooms of blue-green algae (cyanobacteria) in the Darling River. Emphasis was given to describing
the role of phosphorus and identifying its major sources of supply. Specifically we sought to:
•

develop an empirical model of phytoplankton growth

•

identify the main environmental conditions that trigger blooms of cyanobacteria

•

identify the amounts and the physico-chemical forms of nutrients transported in the river

•

determine the factors that control ì bioavailabilityî (ie. availability to phytoplankton) of the
various forms of major nutrients

•

assess whether the present phosphorus concentrations in the river are higher than they were before
European settlement

•

identify and quantify the major sources and types of phosphorus reaching the Darling River

The influence of riverine conditions on the growth of phytoplakton was investigated in a section of
the Darling River near the township of Bourke. Sediment transport was investigated from samples of
suspended particles and bottom sediments collected from sites distributed along the length of the
river. Catchment sources of particles were investigated using soil samples collected from transects of
100km length distributed across different land types.

2. Major findings
Concentrations of cyanobacteria in Bourke Weir Pool are inversely related to discharge rate.
Populations greater than 1,000 cells mL-1 (cell per millilitre) do not occur when discharge rates
exceed 800-1,000 ML d-1 (megalitres per day). At discharge rates lower than 500 ML d-1 large
blooms occur more frequently. The growth of cyanobacteria is enhanced by increased temperature
stratification that develops in summer when discharge rates decline below 800 ML day-1.
Vertical attenuation of light was linearly related to turbidity in the weir pool at Bourke. This
relationship was used to estimate the depth of light penetration from turbidity monitoring data and to
calculate an index of light suitability based on the ratio of light penetration to mixing depth. During
the 44 months of the study the ratio indicated that light was limiting for at least 50% of the time and
was adequate for 32% of the time. Improving light conditions initiated the growth of cyanobacteria
and significant populations were always associated with periods of adequate light.
Reductions in turbidity during periods of reduced flow were associated with increases in salinity. An
inverse correlation was found between salinity and turbidity with turbidity declining significantly
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when conductivity exceeded 300 µS cm-1. Increased salinity was shown to enhance particle
aggregation leading to increased sedimentation rates.
From the relationships between salinity and turbidity, and turbidity and light penetration, it was
calculated that light was limiting in Bourke Weir Pool when turbidity exceeded 100 NTU and that
turbidity fell below this level when conductivity increased above ca. 300 µS cm-1.
Median concentrations of total phosphorus (TP) and total nitrogen (TN) are relatively high in the
river. Despite this, phytoplankton numbers remain low for much of the year due to light limitation.
Cyanobacterial blooms dominated by nitrogen fixing species occur during low flow periods when
TN:TP ratios are high. This is contrary to the general view that nitrogen fixers are selected for by low
TN:TP ratios indicative of reduced nitrogen supplies. By comparing methods for assessing nutrient
limitation of phytoplankton it was demonstrated that the TN:TP ratio is an unreliable indicator of
nutrient supply. Potential nutrient limitation was better identified using measurements of the
available forms of nutrients.
Nitrogen is generally the nutrient in lowest supply for supporting phytoplankton growth and this
creates conditions that are advantageous to nitrogen fixing blue-green algae. Reductions of nitrogen
loads without concomitant phosphorus reduction will exacerbate this situation. Under the current
conditions nitrogen loads should be managed so that either they do not increase or they are reduced
appropriately in conjunction with phosphorus reductions.
During blooms of nitrogen fixing cyanobacteria the forms of phosphorus available for uptake are
reduced to low concentrations. This suggests that efforts to reduce the supply of available forms of
phosphorus could lead to a reduction in the intensity of cyanobacterial blooms. However, this view is
tempered by the observation that phosphorus limitation was alleviated by a re-supply of nutrient from
the bottom sediments when conditions were suitable. An additional benefit of reducing phosphorus
loads to the river is that it should reduce the likelihood of nitrogen limitation and provide less of an
advantage to nitrogen fixing cyanobacteria.
Most of the phosphorus load to the Darling River is bound to particles but only a small fraction is
required to stimulate and support algal growth. This makes it is difficult to unequivocally identify the
sources of dissolved orthophosphate utilised by the phytoplankton. Total Catchment Management
plans aimed at reducing nutrient loads should address both diffuse and point sources as both are
playing a role in contributing phosphorus to the system. Diffuse sources are difficult to mange but
must be addressed.
A comparison of Darling River particles with those from seven other Australian rivers indicated that
the maximum adsorption capacity for phosphorus was not substantially different between the rivers.
In contrast the affinity of binding sites appeared to be lower for particles from the Darling River
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compared with particles from the other rivers. It is possible that this lower affinity is responsible for
the relatively high ratios of dissolved to total phosphorus that occur in the Darling River.
Water contributions from tributaries were analysed as a first step to identifying sources of sediments
and associated phosphorus. An analysis of cumulative flows showed the Namoi and Upper Barwon to
be the highest flow contributors to the Darling-Barwon, each being responsible for 21% of the total
tributary inflow upstream of Wilcannia and 35% of the flow upstream of Walgett. The Culgoa
contributed 16% of tributary inflow upstream of Wilcannia, and the Macquarie and Boomi followed
with each contributing about 10%.
Large errors in the water balance appear to be due to difficulties inherent in gauging river flows
during periods of floods when over-bank losses of water and sediment occur. The data show that
these gauging problems occur in the lower part of the Border Rivers Basin and also downstream from
Bourke or Brewarrina. The existing flow and turbidity data are not adequate to derive a reliable
model of cumulative sediment load. Suitable data for modelling sediment transport requires highfrequency turbidity data collected over several years and including a range of major flow events.
Particle composition was used to identify sources of sediment from amongst the various catchments.
The transported sediments are derived predominantly from lowland weathered granite and
sedimentary rock sources with upland basalts contributing less than 5% of the load.
An analysis of the contemporary (1991-1994) sediment load from each tributary to the load at Bourke
gave estimates for their contributions that contrasted sharply with the long-term water loads.
Sediment cores indicated that the long-term contribution of the Namoi River has been much less than
is indicated by contemporary measurements obtained under recent atypical flows. For typical flow
conditions the Namoi would make a much smaller sediment contribution, estimated at 20%, which
matches that indicated by sediment cores and long term water loads. This illustrates that transport of
sediment is highly variable in river systems such as the Barwon-Darling that have a highly variable
flow regime.
Sediment core samples were collected from the Darling-Barwon channel upstream and downstream of
the Namoi River junction. The oldest dates in sub-samples from the cores were 132 ± 12 and 287 ±
30 years. There is little variation in the phosphorus concentration down through the cores and the
values are consistent with concentrations in contemporary sediment. The lack of variation indicates
that phosphorus concentrations in the Darling-Barwon channel have remained constant over this
period. The implication is that European land management practices have not affected the
concentrations of sediment-associated phosphorus.
In contrast, phosphorus concentrations in a sediment core from the Namoi River increased by 30% in
the top layer indicating a change about 30 years ago. Prior to this the phosphorus concentrations had
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remained constant for over 100 years. Trace element geochemistry suggested no contribution from
fertiliser phosphorus in the top layer of the core. Cores collected from the middle reaches of the
Namoi River showed that after European settlement sources of sediment changed from mainly
sedimentary and granite rock to an increased contribution from upland basaltic rock. In the upper
catchment this increase occurred 150 years ago and it has taken 120 years for the effects of changes to
sediment supply to impact on the lower reaches. This highlights the inefficiency of sediment
transport in these lowland river systems.
Fallout radionuclide tracers were used to determine the land-use types or land-forms that are the
predominant sources of sediment delivered to the waterways of the Darling-Barwon river system.
The calculations are sensitive to the residence time of particles transported through the system. If
sediment residence time is assumed to be <30 years, then the minimum relative sediment contribution
from channel bank and gully sources is 69+11%, while the maximum contribution from cultivated
land is 31+13%, and the maximum contribution from uncultivated regions is 10+3%.
If sediment residence times are longer than 40 years the input from cultivated lands can be neglected.
As residence time increase above 40 years there is a reduction in the relative sediment contribution
derived from gully bank erosion (decreasing from a maximum of 75%) and a continual increase in
sediment contribution derived from uncultivated land (rising from a minimum of 25%). If residence
times are in excess of 80 years then the model suggests that most of the sediment is sourced from
surface eroded material. Confidence in the predictions provided by these scenarios requires
clarification of the sediment transport processes and improved estimates of the residence time of fine
sediments in the river system.

3. Further management implications
Increased flows within the river will reduce the probability of cyanobacterial blooms but have some
disadvantages. Low flows are frequently the result of extensive water abstractions and so any
increase in flow reduces the availability of water for extractive purposes. Increased flows also present
problems from the ecological perspective as flows for algal bloom suppression during summer could
disadvantage aquatic organisms that have evolved to low summer flow conditions.
It is expected that salinities of major tributaries will increase significantly in the future. It is possible
that the river will become clearer as salinity levels increase and this may enhance the occurrence of
algal blooms unless counteracted by high flows. Further information is required on sources of salinity
and their influx to the river and especially important is the relationship between river discharge and
salinity.
A large quantity of phosphorus originates from lowland catchment soils and comes from sub-surface
sources. Thus efforts to minimise soil loss through bank slumping and channel erosion will have
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benefits. This will be assisted by development of riverbank (riparian) vegetation strips to intercept
nutrients and to stabilise banks against erosion. Flow management is also important in reducing bank
erosion of the main river channel, as is the provision of off-river stock watering facilities. Although
fertilisers have not been identified as contributing significantly to nutrient loads it will be necessary to
confirm and maintain this situation by utilising best management practices to minimise fertiliser loss
from fields.
Techniques to minimise nutrient supplies from point sources includes tertiary treatment or land
disposal of sewage effluent and the interception and treatment of irrigation drains, stormwater returns
and run-off from animal sheds. Improved management of some of these point and diffuse sources is
already occurring but overall success will require adoption of a Total Catchment Management (TCM)
program for nutrient reduction and water quality monitoring.
Improved river clarity as a result of catchment management strategies reducing suspended sediment
loads may improve the growth conditions for algal blooms, although counteracted to some extent by
associated declines in nutrient delivery. These conditions may also support more extensive
communities of macrophytes and attached forms of microalgae and cyanobacteria. Attached
microalgae and cyanobacteria can compete for nutrients with the phytoplankton community and
reduce the likelihood of large phytoplankton populations occurring. Further research is required on
these interactions and the role of the benthic community. Similar outcomes might result from
improvements in water clarity due to salinity increases but will be tempered by the sensitivity of the
organisms to salinity. Information is required on salinity sensitivities and changes in the structure of
the aquatic community due to increased salinity.
The supply of nutrients from the bottom sediments is a difficult process to manage. Supply from this
source can be minimised if depleted oxygen conditions are not allowed to develop near the watersediment interface. Increased flow will assist in transferring oxygen to the bottom sediments and
reduce the occurrence of low oxygen conditions. Control of organic carbon loads can also help
alleviate oxygen depletion but the conditions required for this to occur need further investigation.
Under sustained low flow de-oxygenation of the bottom waters is likely and intervention techniques
are required to minimise nutrient release.
The results of the project demonstrate the hierarchical and complex interplay of factors that influence
water quality and lead to the development of phytoplankton blooms in the Darling River. The project
has described key processes responsible for the degradation of water quality and identified where
management efforts need to be focussed to improve conditions. It is hoped that further studies will
build on this research as we struggle to maintain our river systems into the future.
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Chapter 1 Introduction to the study
1.1

Background to project

In response to the widespread occurrence of algal blooms within the Murray Darling Basin, the
Murray Darling Basin Commission (MDBC) established a working group in 1990 with members from
State and Commonwealth Government agencies to explore the best methods for reducing the
frequency and intensity of blooms. Late in 1991 the Darling-Barwon River, which drains the largest
part (650,000 km2) of the Murray-Darling Basin (Figure 1.1), experienced one of the worldís largest
recorded riverine blooms of toxic cyanobacteria (blue-green algae). High concentrations of
cyanobacteria were recorded from Mungindi in the north to Wilcannia in the south. A state of
emergency was declared to ensure that water supplies could be maintained to communities reliant on
the river system. The State Government of New South Wales set up a Task Force to help identify the
causes of the cyanobacterial bloom, and to identify gaps in knowledge where ongoing research could
provide information useful for managing blooms. The MDBC built on these findings by convening
14 technical advisory groups to provide expert advice on management of algal blooms. Following on
from these deliberations, the MDBC and several State Governments developed Algal Management
Strategies. The Algal Management Strategies recognised the need for further investigations to
identify major processes involved in the development of algal blooms and to set directions and
objectives for management programs.
To address some of the research needs in the Darling River basin the MDBC, through its National
Resources Management Strategy, provided funds to three collaborating organisations to undertake a
three-year research program. The aim of the project was to investigate the major environmental
factors influencing the development of cyanobacterial blooms in the Darling River. The three
organisations were the Murray Darling Freshwater Research Centre, CSIRO Division of Land and
Water and the Water Studies Centre at Monash University. The project commenced in 1993 and was
due to be completed in 1996. However, difficulties in completing the fieldwork due to atypical flow
conditions and the remoteness of locations impeded progress and sample and data analyses were not
finalised until 1998.

1.2

Team membership

A wide range of physical, chemical and biological processes influence algal growth. Some of these
are a function of the riverine environment but many are controlled by processes occurring in
catchments far from the river channel. The task of the project team was to link the growth of
microscopic phytoplankton (ie. the microalgae and cyanobacteria that grow suspended in the water
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column) to both small and large scale processes. This required expertise in algal ecology and
physiology, water chemistry, nutrient dynamics and material transport in rivers and catchments. A
team was assembled using contributions of time from staff of the three collaborating organisations to

Darling Basin

St George
Queensland
Mungindi

New South Wales

0

100

200 km

Bourke
Louth

Brewarrina
Walgett
Narrabri

Wilcanna

Figure 1.1. The Darling River Basin showing major tributaries and the sampling
location in the vicinity of Bourke (✹
✹)
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obtain skills from a wide range of scientific disciplines. This provided the combination of expertise
necessary to address the various issues and to evolve an integrated model of the interactions
responsible for the development of algal blooms. The team was supplemented by two full-time
researchers to provide the necessary continuity and focus to the project, and was led by three joint
project leaders to ensure communication and linkage between sub-components. The team contained
the following members:

Murray Darling

CSIRO

Water Studies Centre

Freshwater Research

Land and Water

Monash University

J. Olley

B. T. Hart

Centre
Project Leaders

R. L. Oliver

Project funded

C. Rees

M. Grace

positions
Team members

1.3

M. Fink

G. Caitcheon

R. Beckett

K. Lee

G. Hancock

A. Liang

Z. Lorenz

P. J. Wallbrink

D. Baldwin

C. Barnes

R. Shiel

A. Murray

H. Clarke

T. Donnelly

Objectives

The major aim of the project was to identify environmental conditions responsible for the occurrence
of blooms of blue-green algae (cyanobacteria) in the Darling River. Specifically we sought to:
•

develop an empirical model of phytoplankton growth

•

identify the main environmental conditions that trigger blooms of cyanobacteria

•

identify the amounts and the physico-chemical forms of nutrients transported in the river
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determine the factors that control ì bioavailabilityî (ie. availability to phytoplankton) of the
various forms of major nutrients

•

assess whether the present phosphorus concentrations in the river are higher than they were
before European settlement

•

identify and quantify the major sources and types of phosphorus reaching the Darling River

Knowledge about the environmental conditions responsible for algal blooms is necessary to derive
management strategies for reducing their intensity and frequency and to improve water quality
(Oliver et al. 2000). A wide range of physical, chemical and biological processes influence algal
growth and not all could be investigated in detail. To focus the research effort, a conceptual model
was proposed describing processes considered to be of major importance in stimulating algal blooms
in the Darling River. A simple model of the linkages between algal blooms, local riverine conditions
and changes in the river catchments was based on the following proposals:
•

Light availability rather than temperature or the concentration of major nutrients controls the
initiation of phytoplankton growth.

•

When physical conditions are suitable for growth it is the nutrient supply that determines the
maximum size of the algal population, especially the amount of phosphorus available to the algae.

•

The quantities of inorganic phosphorus and nitrogen available to the phytoplankton are controlled
by interactions of the dissolved phase with the bottom sediments and suspended particles. Algae
are able to access the dissolved phase most easily but can also obtain nutrients from the other two
phases.

•

There has been an increase in delivery of nutrients to the river since European settlement. This
increase is likely for several reasons. Accelerated erosion has increased the delivery of naturally
occurring nutrients to the river. Nutrients have been imported into the catchment as fertilisers.
Increased sewage inflow has occurred due to population expansion.

This conceptual model associates the initiation and development of algal blooms with prevailing
riverine conditions that are ultimately linked to catchment influences. These interactions can be
viewed as a series of hierarchical processes operating over different time and space scales. These
scales range from the rapid responses of microscopic organisms to changes in their immediate
environment up to sediment transport from catchments, which can occur over hundreds of kilometres
and take hundreds of years. This problem of scale is a vexing one because different sampling
regimes, methods of sampling and measurement techniques need to be used to assess processes
occurring over different time frames and at different spatial scales.
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Sampling rationale and locations

A hierarchical sampling regime was employed to obtain data over a range of scales appropriate to the
objectives of the project. The influence of riverine conditions on the growth of algae was
investigated in a section of the Darling River near the township of Bourke (Figure 1.1). Sampling
was focussed on the weir pool near the town but also extended upstream and downstream of this site.
The weir pool is prone to algal blooms and over the period of the project it provided several
opportunities for assessing the riverine conditions conducive to the appearance of populations of
cyanobacteria. Most of the major tributaries have entered the river upstream of this section of the
river and their influence could be assessed through their impact on conditions in the weir pool. In the
river section downstream from Bourke there are several more weir pools and a section of river that
receives a significant intrusion of saline groundwater. These sampling sites were useful for assessing
the impact of salinity on water quality and on cyanobacterial blooms.
Only a limited number of field trips could be made to the riverine sampling sites and the aim was to
coordinate these with critical changes in riverine conditions expected to lead to the development of
cyanobacterial blooms. Because of the travel distances involved, it was not always possible to
synchronise field trips with changes is riverine conditions and the problem was to link the specific,
short-term measurements to longer-term changes in water quality and algal growth. This was
achieved using the intensive field trips to obtain detailed measurements of processes influencing algal
growth and then linking these to variables measured in the regular monitoring programs. The detailed
measurements enabled the monitoring data to be interpreted in a more functional way and the
monitoring data provided the means for extrapolating detailed project results beyond the short periods
of measurement. The monitoring programs operated by the NSW Department of Land and Water
Conservation played a vital role in this process and were essential to the success of the project,
providing key information on water quality and hydrological characteristics. In addition the
information available from the monitoring programs was important for placing the results of the
project in an historical context.
Several sets of sampling sites were used to study sediment transport in the river and the catchments.
Transport within the river was investigated from samples of suspended particles and bottom
sediments collected on a number of occasions from sites distributed along the length of the river. To
investigate the possible catchment sources of these particles, nineteen transects of 100km length were
used to sample soils across different land types. Thirteen transects were in uncultivated lands and
widely distributed over the northern sections of the basin while six transects were sampled in
cultivated lands of the Darling Downs and Liverpool Plains regions. River sediments and soil
samples were characterised using their elemental composition and also from the occurrence of the
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fall-out radionuclide tracers Caesium (137Cs) and Lead (210Pb). These characteristics were then used
to identify the sources of transported sediment.

1.5

Layout of report

The report is organised into chapters dealing with major interactions that impact on the development
of blooms of cyanobacteria. Chapter 2 provides background information on the general
characteristics of the Darling River drawn from monitoring programs and from monitoring work
carried out as a part of the project. This helps place the study into a historical context, demonstrating
for example that the period of the project coincided with a time of atypical river discharge. The next
five chapters deal with environmental conditions within the river channel and the implications to the
growth of phytoplankton. These chapters deal with issues of flow rate, temperature stratification,
turbidity, light penetration, saline groundwater intrusions, nutrient availability and nutrient
interactions with suspended particles and bottom sediments. Many of these characteristics are
influenced by activities in the catchments and of particular importance is the supply of suspended
sediments and nutrients. The next three chapters move into the catchment and investigate the
transport of particles and nutrients from the catchments and into the river. The final chapter, Chapter
11, provides a concluding discussion of the major findings and their management implications. The
executive summary at the beginning of the report is an extended abstract of Chapter 11. This layout
should simplify the accessing of specific pieces of information. The executive summary provides an
integrated overview with the final chapter providing a more detailed discussion. Particular chapters
then provide more detailed information on the data and its interpretation for particular processes.

1.6

A note on terminology

It is appropriate at this juncture to point out some peculiarities that have arisen in the nomenclature
dealing with blooms. Historically blue-green algae were considered to be identical to other algae in
their basic composition and the term ì algal bloomî was used to encompass problematic growths of
these organisms as well as the algae. Subsequently it was discovered that blue-green algae are not
identical to the true algae but have a completely different cell structure, one that is identical to
bacteria. It is now known that blue-green algae have been incorrectly named and a new term
cyanobacteria is the term that should be used. However, extensive usage of the term ì blue-green
algaeî has established its meaning in the popular press and in the vocabulary of the general public
whereas the term cyanobacteria is largely unknown. In line with community convention the terms
algae and microalgae when used in this text are considered to include the cyanobacteria. Similarly
the term ì phytoplanktonî which is used to describe the microscopic algae that grow suspended in the
water column is also considered to include the cyanobacteria within the water column.
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Chapter 2 Characteristics of the Darling River Environment
2.1

Introduction

The Darling River system drains an area of 650,000 square kilometres of north-eastern New South
Wales and southern Queensland (Figure 1.1). With a length of over 2,000km it was not possible to
make detailed observations over the entire river system and sampling regimes were scaled to the
processes being considered. Detailed studies of in-stream light and nutrient conditions and
corresponding algal growth responses were focused on the Darling River in the vicinity of Bourke, in
mid-western New South Wales (Figure 1.1). This site is a principal locality for the development of
cyanobacterial blooms and was used to investigate the key interactions responsible for their
development. Project data was collected primarily from sites within the weir pool that extends 46 km
upstream from the weir wall at Bourke, but other sites upstream and downstream of the weir pool
were also investigated. Field-work was carried out at irregular intervals over the period 1993 to 1995
as its purpose was to provide detailed information on specific events rather than broad scale
information on the riverine environment. Aspects of the project dealing with identification of
phosphorus sources to the river system, especially the delivery of phosphorus associated with
suspended particles, used techniques relevant to catchment scale processes.
Interpretation of the detailed but restricted project data was enhanced by the support of regular,
broad-scale monitoring programs. Of particular value in this respect was the sampling carried out as
part of the 'Riverwatch' monitoring program coordinated by the New South Wales, Department of
Land and Water Conservation (DLWC) (Bek et al. 1994; Mitrovic et al. 1995). 'Riverwatch' is a
community-based monitoring program for the Barwon-Darling River with sampling sites extending
from Mungindi to Menindee. It was established in 1992 in response to the major blue-green algal
blooms in late 1991. Samples are collected weekly from 15 sites (including Bourke) over the period
September to March and monthly over the rest of the year. More frequent sampling is conducted
during periods of high algal concentrations. The parameters monitored are algal identity and number,
total phosphorus, total nitrogen, pH, turbidity, temperature, and electrical conductivity. Flow data is
obtained from the nearest gauging station.
In addition, the New South Wales DLWC has operated water quality monitoring programs throughout
the Darling Basin from as early as 1962. The long continuous records collected in these programs
serve to place the targeted monitoring of the research program into an historical context. In the
following sections the physico-chemical and biological conditions of the Darling River in the vicinity
of Bourke are described from the long term monitoring programs and contrasted with the shorter term
ëRiverwatchí program that encompasses the study period. The restricted data set from the project is
included for comparison to confirm that a representative range of conditions was targeted during the
study. This is important if specific relationships identified in the research project are to provide an
enhanced capacity to interpret the broadscale monitoring data.
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Climate

There is a strong climatic gradient across the basin, with the highest rainfalls of 750 mm annum-1
(millimetres per annum) occurring on the uplands at the eastern edge of the basin and <200mm
annum-1 falling on the dry western plains. There are also east-west gradients of increasing
temperature and solar radiation. In addition, north-south gradients occur with decreasing temperature
and solar radiation and summer rainfall giving way to increasing winter rainfall (Walker 1986).
The seasonal mean maximum air temperature for Bourke, recorded over the period January 1991 to
March 1996, varied from 35∞C in summer (December-February) to 20∞C in winter (June-August),
with a relatively constant diurnal change of 14∞C over the entire year. Surface water temperatures in
excess of 30oC occur at times during summer and it is expected that at low river flows temperature
stratification of the water column will occur, although there is very little data available to demonstrate
this. Temperature stratification indicates poor water mixing and this is conducive to the development
of blue-green algae blooms (Chapter 3).
Wind is an important factor in mixing surface waters and inhibiting the formation of temperature
stratification. Analysis of average wind speeds measured at recording stations in Bourke show that
there is little variation with time of year. The quarterly median wind speed varied from 1.2 m s-1
(metres per second) during the April-June quarter of 1995 up to 2.2 m s-1 during January-March 1991.
Wind speed normally drops during the night, hence the average daily value will underestimate
daytime speeds, but in general the winds are light.

2.3

Flow Patterns

The Darling River has a highly variable flow regime that is dependent on low and unreliable local
rainfall and water flow from higher rainfall areas in the upper catchment. Dams on the upland
sections of the major rivers control the discharge of water downstream and flows in the lowland areas
are largely dependent on regulated releases. Median annual outflows from the Darling River are now
approximately 60% of the natural outflow (MDBC 1995). In particular, flows in the drier years have
been significantly modified. Flows that were experienced under natural conditions only in the driest
10% of years are now expected in 27% of years (MDBC 1995).
Daily discharge over the Bourke Weir wall for the period December 1992 to December 1995 is
presented in Figure 2.1 along with the long-term median monthly flow figures recorded by DLWC
over the period 1895-1988 but converted to ML day-1 (megalitres per day) for comparison. Both 1994
and 1995 were unusual as they contained extended periods of zero discharge over the weir.
Discharge ceased for 123 days during 1994 and again for 101 days in 1995. Previously, in the period
1945-1993, only 6 'no-flow' events that extended for longer than 10 days were recorded, the longest
being 56 days in 1982-83. Consequently, the sampling period spanned by the project represents flow
patterns that are very much lower than the long-term historical median values. Whether these
extended 'no flow' periods are due to meteorological fluctuations or are indicative of increased water
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abstraction needs to be assessed because, as this report will show, lengthy periods of little or no flow
are one of the prime causes of algal blooms in the Darling River.
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Figure 2.1
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Flow in the Darling River at Bourke. A comparison of daily flows during

the period 1993-1995 and long term median flows (1895 - 1988).
2.4

Turbidity

The turbidity or 'cloudiness' of the water is a critical factor in determining the extent of light
penetration into the river. High turbidity results in very little light penetration and this may restrict
algal photosynthesis and prevent cell growth from occurring. The impact of turbidity on algal growth
is discussed further in Chapter 4. Turbidity is measured in Nephelometric Turbidity Units (NTU)
which is a measure of light scattering.
The turbidity in the Darling River at Bourke was closely related to the flow regime during the study
period (Figure 2.2). Rapid increases in turbidity were associated with periods of high flow in early
1994 and 1995. However, linear regression of the data shows no significant correlation between flow
and turbidity (r2 = 0.05). The lack of correlation is attributed to the difference in time scales of the
flow recession and turbidity reduction processes. Turbidity may remain high for several months after
flow is reduced as was observed during June and July of 1994, or may decline rapidly as in June 1995
(Figure 2.2). These phenomena are discussed more fully in Chapters 4 and 5.
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In Table 2.1, turbidity data from this study are compared with the long-term DLWC monitoring data
of the Darling River system (Bek and Robinson 1991; Bek 1985), and the ëRiverwatchí program (Bek
et al. 1994; Mitrovic et al. 1995). The ëRiverwatchídata is divided into two parts, the entire data set
and data restricted to the period of this study.
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Darling River flow and 'Riverwatch' turbidity at Bourke (December

1993 to December 1995).

Median turbidity varied by a factor of nearly 2. The most representative data is probably the large
DLWC set (n = 1440) which gives a median turbidity of 101 NTU, a quite high value. A possible
explanation for the lower median turbidity over the period of the project is the very low river flows
during 1994 and 1995. This comparison further demonstrates the unusual conditions during the study
period.

2-4

Chapter 2

Table 2.1

Characteristics of the Darling River Environment

Turbidity data (NTU) for the Darling River at Bourke
NSW DLWC

Data Source

'Riverwatch'

This study

5/64 - 2/91

8/92 - 3/96

12/93 - 1/96

12/93 - 1/96

1440

128

47

46

101

65

80

61

10th percentile

23

16

24

34

90th percentile

316

510

995

375

Period
n
Median
turbidity

2.5

Conductivity and Major Ions

Salinity is widely recognized as a major environmental problem in many locations in the MurrayDarling Basin. High concentrations of dissolved salts in the water compromises its use for domestic
and agricultural purposes with recommended maximum levels dependent upon the end-use. Table 2.2
presents summary data on electrical conductivity (EC) from long term (Bek and Robinson 1991) and
'Riverwatch' (Bek et al. 1994; Mitrovic et al. 1995) monitoring programs in the Darling River at
Bourke for comparison with values obtained in this study.

Table 2.2

Electrical conductivity (µS/cm) for the Darling River at Bourke.

Data Source

NSW DLWC

'Riverwatch'

This study

1964 - 1991

8/92 - 3/96

12/93 - 1/96

12/93 - 1/96

n

1520

128

47

45

Median EC

320

440

390

440

10th percentile EC

180

200

190

230

90th percentile EC

530

820

800

730

Period

The higher median and ninetieth percentile EC values recorded during both the 'Riverwatch' program
and this study compared with the long term values may be due to the very low flows during much of
1994 and 1995. Without fresh inflows to the Bourke Weir evaporation will result in increases in EC.
Saline groundwater intrusions may also become important under a low flow regime and can make
significant contributions to the dissolved salt load. The implications of saline groundwater inflows on
riverine conditions are discussed in detail in Chapter 5.
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2.5.1 Major Cation and Anion Composition
The distribution of major dissolved cations in the Darling River can be split into two classes. Firstly
the distribution at 'normal' river salinities (EC < 1,000 µS/cm) and secondly, that in elevated salinity
regimes (EC > 1,000 µS/cm) which includes regions affected by saline groundwater intrusions.
Under normal conditions the river is dominated by sodium (22-107 mg L-1), followed by calcium (739 mg L-1) and then magnesium (4-24 mg L-1). The relative mass amounts normalized to magnesium
are Na : Ca : Mg = 3.5 ± 1.1 : 1.7 ± 0.3 : 1.0. Sodium is even more dominant in the highly saline
waters (135-6950 mg L-1), with calcium (37-1060mg L-1) and magnesium (24-1020 mg L-1) occurring
at comparable concentrations to each other. The relative mass ratios normalized to Mg are, Na : Ca :
Mg = 6.4 ± 0.7 : 1.2 ± 0.2 : 1.0.
Using DLWC data from 1962-1979, Bek (1985) reported that bicarbonate comprises about 60%
(molar ratio) of the anions in the Darling River at Bourke. Chloride concentrations were next highest
with lower proportions of sulfate. However, determination of the ionic composition of Darling River
water from 18 sites during November 1995 showed that the molar percentage of bicarbonate was
highly dependent upon the total conductivity. Bicarbonate concentrations were calculated as the
difference between the ionic strengths of the measured cations (calcium, sodium and magnesium) and
the measured anions (chloride and sulfate). Table 2.3 illustrates this variation in anion composition
with electrical conductivity at points within the river during November 1995.

Table 2.3

Anion composition of Darling River water as a molar percentage (Nov 1995).

EC (µS/cm)

< 1,000
1,000 - 20,000
> 25,000

n

HCO

-

3

Cl

-

SO

4

2-

7

50 ± 9

47 ± 14

3±1

5

26 ± 2

70 ± 4

4±1

6

16 ± 3

79 ± 6

5±1

At typical Darling River conductivities (EC < 1,000 µS/cm) the results presented in Table 2.3 are in
good agreement with those of Bek (1985). At the highest EC levels in Table 2.3 the anion
composition is affected by saline groundwater intrusion and is dominated by chloride with lower
percentage levels of bicarbonate.

2.6

Nutrients

2.6.1 Total Phosphorus
The concentration of total phosphorus (TP) is a recognised indicator of the trophic status of water
bodies. The ANZECC water quality guidelines for rivers and streams suggest a maximum TP
concentration of 100 µg P L-1 (ie. micrograms of phosphorus per litre) for ecosystem protection
(ANZECC 1992). However the guidelines do recognise that some systems can cope with higher
nutrient concentrations without developing excessive plant or algal growth due to the restriction of
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growth by other site-specific conditions such as poor light, grazing and high flow. In Table 2.4 our
data are compared with longer term records collected over the period 1976-1990 at Bourke by DLWC
(Bek and Robinson 1991), and the 'Riverwatch' monitoring data. It is evident that the ANZECC
guideline TP value is frequently exceeded in the Darling River at Bourke.

Table 2.4

Total phosphorus concentrations (µg P L-1) for the Darling River at Bourke.

Data Source
Period
n
Median
10th percentile
90th percentile

NSW DLWC

'Riverwatch'

This study

1976 - 1991

8/92 - 3/96

12/93 - 1/96

12/93 - 1/96

539

128

47

48

240

120

119

110

90

64

48

53

450

274

329

370

Elevated TP concentrations were observed to coincide with high flow events and this can be
attributed to increased levels of particle-bound phosphorus suspended in the water column due to
mixing. As flow diminishes, these particles settle from the water column and thereby remove this
component of the total phosphorus load. These processes are discussed further in Chapters 4 and 5.
Phosphorus concentrations measured in the long-term monitoring program are higher than both the
project results and the 'Riverwatch' data. The short-term data sets are biased towards sampling in
summer months and to periods of low turbidity and low flow, when algal growth is more likely to
occur. Thus fewer samples containing high turbidity and associated high total phosphorus
concentrations have been collected.
2.6.2

Filterable Reactive Phosphorus

The term ì filterable reactive phosphorusî (FRP) is used in the water quality literature to describe
'soluble' phosphorus in the water. The term 'reactive' refers to the phosphorus detected using a
standard chemical analysis for orthophosphate. In these procedures phosphorus concentrations are
determined after filtration to remove particulate material. The most common treatments involve
filtration through a 0.45 µm filter but various pore sizes are used. Depending on the filter pore size
the filtrate may include fine particulate material that contains phosphorus. If this particle-bound
phosphorus reacts to the analysis for orthophosphate then the 'dissolved' phosphorus concentration
will be overestimated. In this report the term 'filterable reactive phosphorus' is used in conjunction
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with the pore size of the filter to distinguish the different treatments. A filter with a pore size of 0.003
µm (3 nanometres) has been adopted as the final stage of our filtration process and this removes
entities larger than a nominal molecular weight of 10,000 Dalton.
It is generally assumed that FRP represents the form of phosphorus most readily available to algae
and hence is an important parameter for assessing the potential of a water body to support algal
growth. Table 2.5 presents FRP (< 0.003 µm) data from this study and a small 'soluble phosphorus'
sample set (FRP<0.45 µm) reported by Bek (1985) for the Darling River at Bourke. In the table, the
value in brackets after a concentration is the percentage that the 'soluble' fraction comprises of the
total amount of phosphorus analysed on the same sample set. The larger percentages reported for the
DLWC data are probably due to the use of 0.45 µm filtered samples that can overestimate the
dissolved pool of phosphorus.

Table 2.5

Historical 'soluble phosphorus' and filterable reactive phosphorus

concentrations for the Darling River at Bourke (concentrations in µg P L-1). Values in
brackets represent percentage of total P in the ì solubleî fraction.
Data Source
Period
n
Median P concentration
10th percentile
90th percentile

NSW DLWC

This study

1976 - 1981

12/93 - 1/96

16

115

81 (51)

40 (33)

23 (38)

8 (13)

200 (45)

114 (42)

The ANZECC water quality guidelines (ANZECC, 1992) recommend that FRP concentrations be
below 15-30 µg/L to minimize algal growth in freshwater systems, although the guidelines recognise
that higher concentrations can be tolerated where site specific conditions such as poor light or grazing
may limit plant growth. This latter point is reinforced by the data in Table 2.5 where median
concentrations are significantly above the ANZECC guideline maxima for both data sets, yet for
much of the year phytoplankton numbers remain low.
2.6.3

Total Nitrogen

The total nitrogen concentration is also commonly used as an indicator of water quality. The
ANZECC water quality guidelines recommend a maximum total nitrogen concentration of 750 µg N
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L-1 (ie. Micrograms of nitrogen per litre) for rivers and streams (ANZECC 1992). The median total
nitrogen concentration found in the Darling River at Bourke is shown in Table 2.6 using data from the
Riverwatch monitoring program (Bek et al. 1994; Mitrovic et al. 1995). As with total phosphorus,
the total nitrogen guideline concentration is frequently exceeded in the Darling River. Peaks in total
nitrogen concentration coincide with periods of greatly increased flow as was observed for total
phosphorus concentrations. Determination of the distribution of nitrogen as a function of particle size
during this study indicated that these increases were largely due to nitrogen associated with
particulate matter entrained in the water column.

Table 2.6 Total Nitrogen Concentrations (mg N/L) in the Darling River at Bourke.
Data Source
Period
n
Median
10th percentile
90th percentile

'Riverwatch'

This Study

8/92 - 3/96

12/93 - 1/96

127

47

0.6

0.7

0.4

0.3

1.1

1.8

n = number of samples

2.6.4

NOx and Ammonia

Most algae require combined inorganic nitrogen dissolved in the water to sustain growth but certain
blue-green algae (cyanobacteria), including Anabaena sp., are exceptional as they have the capacity
to assimilate nitrogen gas (N2) directly. The most readily available forms of combined inorganic
nitrogen for algal growth are nitrate (NO3-), nitrite (NO2-) and ammonia (NH3). In this report the
nitrate and nitrite concentrations are combined and reported as oxides of nitrogen (NOx), while the
sum of the oxides and ammonia is referred to as ëDissolved Inorganic Nitrogení or DIN.
Often less attention is paid to the nitrogenous nutrients than to phosphorus because many algal
blooms reported in the world literature appear to be the result of increased phosphorus
concentrations. As more research is conducted into algal growth in Australian freshwater systems it
appears that nitrogen-limitation is more prevalent than originally believed (Wood and Oliver 1995).
Chapter 6 reports on nutrient limitation of algal growth in the Darling River at Bourke.
The NOx and ammonia concentrations for the Darling River at Bourke obtained from DLWC records
and from samples analysed during this study, are presented in Table 2.7. The two data sets show good
agreement for ammonia concentrations but a large disparity for NOx concentrations. The reason for
the difference in NOx concentrations remains unclear, although higher flows during the 1976-1984
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Nitrate + nitrite and ammonia concentrations for the Darling River at Bourke

(concentrations in µg N L-1).
NO -N
x

Data Type
Data Source
Period
n
median N
10th percentile
90th percentile
*

NH -N
3

NSW DLWC

This Work

NSW DLWC

This Work

1976 - 1984

12/93 - 1/96

1976 - 1984

12/93 - 1/96

179

45

18

40

400

9

20

24

< l.o.d. *

Not Detected

< l.o.d *

208

80

89

55
1070

limit of detection (l.o.d.). These samples were included in the statistical analysis and given a nominal

concentration of 1 µg N L-1. Actual detection limits were typically 5 µg L-1 for both analytes.

period could have resulted in higher NOx values. The median concentration of DIN (NOx + NH3)
determined in this project is well below the ANZECC (1992) guideline (40-100 µg N L-1) suggested
for the protection of aquatic ecosystems, but the long term median significantly exceeds this level.
The ANZECC guidelines set a limit of 20-30 µg N L-1 for ammonia (NH3-N). Median values are
within this range while the ninetieth percentile ammonia concentrations greatly exceed it (Table 2.7).
However, at the ambient pH ranges normally found in the Darling River (median pH 7.6) the majority
of ammonia is present in the protonated form (NH4+, pKa = 9.25 at 25∞C) and this is far less toxic than
the neutral NH3 itself. For example, at pH 8.25 the ninetieth percentile concentrations of
undissociated NH3 would be 8.0 and 8.9 µg N L-1 for the two data sets.
2.6.5

Silica

Bioavailable silica concentrations are important for growth of diatoms, including Aulacoseira
(previously Melosira) granulata, the most common alga found in the Murray River (Sullivan et al.
1988). Silica is essential for the construction of diatom cell walls. Table 2.8 lists silica concentrations
obtained from the DLWC data set, ostensibly as mg L-1 (milligrams per litre) of Si, and from Bourke
Weir samples from this study (as mg L-1 as SiO2). The excellent agreement between the data sets can
be rationalised if the unit of the DLWC data is actually mg L-1 SiO2 and not Si as claimed. Bek (1985)
noted that diatom growth is unlikely to be limited by silica until the concentration falls below 1 mg L1

, and even the tenth percentile silica concentrations in the Darling River are in excess of this nominal
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threshold value. Consequently, diatom growth in the Darling River is unlikely to be silica-limited
unless the population becomes extremely high in conjunction with an excess of other nutrients.

Table 2.8

'Dissolved' silica concentrations for the Darling River at Bourke
(concentrations reported in mg Si L-1 for the DLWC data and mg SiO2 L-1
for the data from this study).

Data Source
Period
N
Median concentration
10th percentile
90th percentile

2.7

NSW DLWC

This study

1976 ñ 1981

12/93 - 1/96

118

24

12

12

7

8

35

31

Tributary Inflows

There are three major tributaries that provide water to the Darling River just above Bourke ñ the
Barwon, Bogan and Culgoa rivers. The particular mix of these source waters appears to have a
significant effect upon the functioning of the Bourke Weir Pool and the downstream riverine
ecosystem. The temporal variation in flows from these three tributaries during the period of the
project is shown in Figure 2.3. Flow measurements were taken at Brewarrina for the Barwon River,
Gongolgon for the Bogan River, and at ì Kenebreeî property for the Culgoa-Balonne-Condamine
River system (no flow data were available for the Culgoa River during October-December 1993). The
gauging stations were all located an average of 4-5 days water transit time from Bourke. The Barwon
River provided the majority of the water flowing into Bourke Weir during the period of the project.
The low (no) flow periods experienced in the Darling River during the latter half of 1994 and 1995
also occurred in these major tributaries.
Table 2.9 contains conductivity (EC), turbidity, and total phosphorus data collected from these three
rivers as part of this study and also from recent DLWC monitoring programs. Data for the Darling at
Bourke is included for comparison. It is apparent that the few samples taken from the Barwon River
at Brewarrina as part of this study were not representative of the 'normal' river conditions suggested
by the 'Riverwatch' monitoring program. Comparison of the 'Riverwatch' data at Brewarrina, and the
two data sets for the Darling River at Bourke, shows that these two sampling sites are generally very
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similar, which is not surprising given that flow from the Barwon dominated inflow to Bourke over
much of this period (Figure 2.3). However, despite the long-term similarity in water quality at
Brewarrina and Bourke, it would be incorrect to assume that inflows from the Bogan and Culgoa
Rivers have little effect upon the behaviour of the Bourke Weir Pool. For example, the Culgoa River
generally has high turbidity and the moderate flows from this river in March-April 1994 dominated
inflow to the weir, resulting in high turbidity levels in the Bourke Weir Pool. This high turbidity was
maintained for several months even after flow had decreased (Figure 2.2). In contrast, the high
turbidity observed in Bourke Weir during June 1995, as a result of a large inflow from the Barwon
River, decreased quite rapidly once the inflow ceased. These observations can be explained by a
consideration of the particle size distribution of the input streams. Particles in the 0.2-1 µm diameter
size range constituted 97% of the particle dry weight in a Culgoa River sample collected in June
1995. These particles are too small to settle from the water column under the effects of gravity.
Conversely, samples taken from the Barwon River at Brewarrina and from the Darling River at
Bourke when flow was dominantly from the Barwon, showed that larger particles (> 1 µm)
constituted between 25% and 67% of the dry weight (n = 4). These larger particles will sediment out
under gravity. The coagulation and settling of particles is further influenced by the salinity of the
water and this is discussed in detail in Chapter 5.
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Comparison of EC, turbidity and total phosphorus concentrations between the

Darling

River at Bourke and its major tributaries.

River

Darling R.

Barwon R.

Bogan R.

Bourke

Brewarrina

Gongolgon

Site
Study
EC

this
median
min

(µS/cm)

max
n

Total P

median
min

(µg P/L)

max
n

Turbidity

median
min

(NTU)

max
n

other a

This

other a

this

Culgoa R.

other b

this c

other d

442

440

222

410

423

400

90

170

76

72

160

77

43

67

-

119

1190

933

460

1170

551

700

-

215

48

128

5

82

6

46

1

12

105

120

231

140

60

58

550

320

44

40

82

30

47

25

-

225

1200

450

343

700

570

435

-

560

48

128

6

82

5

46

1

12

61

65

100

66

30

18

470

500

14

9

88

4

20

3

-

150

1900

2000

410

2000

180

170

-

2000

46

128

5

82

5

46

1

12

a From NSW DLWC 'Riverwatch' data. August 1992 - March 1996
b From NSW DLWC 'Key Sites' program. Monthly sampling from July 1992 to June 1996
c Sample taken at 'Kenebree' - 25/6/95
It is evident from Table 2.9 that a significant influx of water from the Bogan River system could
dramatically affect both the phosphorus concentration and the turbidity in the Bourke Weir Pool.
However, during this study, flows from the Bogan River were always greatly exceeded by those from
the Barwon.
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Phytoplankton

Microscopic algae that grow in the water column of aquatic systems are collectively known as the
phytoplankton. The phytoplankton is comprised of a diverse array of microalgae but also includes the
blue-green algae or cyanobacteria. Data gathered from Bourke during this study and as part of the
ëRiverwatchí program provide an indication of the types of algae that occur in the Darling River but
the samples were collected in different ways. In the ëRiverwatchí program water samples for algal
enumeration were collected at a discrete depth (typically 25 cm) whereas in the present study depthintegrated samples (usually 0 to 2m or 0 to 4m) were collected to compensate for vertical variations
in phytoplankton numbers. Neither method is likely to account completely for the spatial (horizontal
and vertical) patchiness that can occur in phytoplankton populations as a result of weather conditions,
river flow and also the time of sampling. However, a reasonable match was obtained between data
sets suggesting that spatial heterogeneity of the phytoplankton community was not a major problem in
Bourke Weir Pool on most occasions.
In Figure 2.4 the total algal population is divided into two categories - cyanobacteria and noncyanobacteria - to facilitate comparison with the NSW alert levels for blue-green algae (medium alert
> 2,000 blue-green algal cells mL-1; high alert > 15,000 cells mL-1) (Bek et al. 1994; Mitrovic et al.
1995). The bloom-forming cyanobacteria are of particular concern to water quality as they have the
potential to produce toxins that pose a significant health threat to water consumers. It is for this
reason that alert levels for cyanobacterial numbers have been developed. The cyanobacterium,
Anabaena circinalis, was the dominant species present in the massive 1991 Darling River bloom and
posed a significant threat due to its potential production of toxins (Baker and Humpage, 1994).
The numbers of cyanobacteria exceeded the high alert level during two periods of the study, in
December-January 1994-95 and November-December 1995. A comparison of river flow and bluegreen algal populations (Figure 2.5) shows that these two periods of high blue-green algal counts and
a period in November 1992, were all preceded by several months of very low flow in the Darling
River. Many of the bloom-forming cyanobacteria, including Anabaena, have the ability to adjust their
buoyancy. In suitable circumstances, when water mixing is reduced, they can alter their position in
the water column to optimise light and nutrient conditions (Oliver 1994). The buoyancy regulating
mechanism is most effective during periods of temperature stratification in the water column and this
frequently occurs in inland rivers under low flow conditions during the hotter months (Webster et al
1996; Sheman et al 1998). The significance of these poorly mixed conditions to the occurrence of
cyanobacterial blooms is discussed in more detail in Chapters 3 and 4.
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Blue-green algae (bars) and non blue-green algae (solid line) in the Darling
River at Bourke, 1993-1995 (data from ëRiverwatch'). The dotted line
indicates the medium alert level for blue-green algae of 2,000 cells ml-1.

The major phytoplankton genera that were found in the Darling River at Bourke during the period
August 1992 to April 1996 (174 samples) are listed in Table 2.10. These were selected from the
ëRiverwatchí data on the basis of two criteria, those genera found on at least one occasion at
concentrations exceeding 1,000 cells mL-1 or those genera found in at least 50% of all samples taken.
The Table lists the total number of genera enumerated in a particular phylum and names the genera
that achieved the selection criteria. For each of these named genera data is given on the maximum
population observed (cells mL-1), the date on which this occurred, the frequency that each genus was
found at concentrations exceeding 1,000 and 100 cells mL-1 and the percentage of samples that
contained the genus. Many other algae appeared in samples but they did not constitute a major
component of the community and so are not included here.
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Figure 2.5.

Changes in discharge (
) and the concentration of cyanobacteria (
in Bourke weir pool. Horizontal lines indicate project sampling periods.

)

During the project period the blue-green alga, Anabaena, was the dominant genera in the Darling
River in terms of frequency of high (> 1,000 cells/mL) populations. Species of Anabaena were found
in 45% of all samples collected and in 12 samples exceeded the high alert level for cyanobacteria of
15,000 cells mL-1. No other blue-green algae exceeded the NSW high alert threshold at any time.
Microcystis, the other common, problematic blue-green alga occurring in Australian inland waters,
was found in only 3 of the 174 samples, but reached a population of 1,000 cells mL-1 on the 6
February 1995.
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Frequency of occurrence of dominant algal genera in the Darling River at Bourke
('Riverwatch' data, August 1992 - April 1996).

Phylum

Genera
Counted

Genus

Max.
Count

Date

Cyanophytes

12

Anabaena

148,000

4/12/95

Anabaenopsis

8,225

5/11/92

7

17

15

('blue-green

Aphanizomenon

8,158

21/12/94

2

12

10

algae')

Merismopedia

1,812

23/11/92

1

8

8

Oscillatoria

988

5/1/95

-

18

12

Cryptomonas

1,967

28/1/93

5

78

94

Rhodomonas

2,827

16/10/94

16

75

87

Cryptophytes

2

> 1000
> 100
%
cells/mL cells/mL Times
24 a
67
45

Pyrrhophytes b

1

Peridinium

888

5/4/93

-

16

60

Euglenophytes

4

Euglena

315

8/11/93

-

8

67

Trachelomonas

300

5/4/93

-

17

72

Actinastrum

1,038

19/2/96

1

23

36

Ankistrodesmus

630

4/3/96

-

24

75

Ankyra

1,242

3/10/94

2

4

8

Crucigenia

3,486

4/3/96

7

42

50

Dictyosphaerium

1,187

4/3/96

2

11

16

Oocystis

1,669

19/2/96

2

50

78

Scenedesmus

2,299

4/3/96

2

71

71

Cyclotella

2,467

26/11/92

4

53

74

Melosira

9,678

4/3/96

8

51

68

(including

Nitzchia

228

4/12/95

-

5

55

diatoms)

Synedra

2,588

21/1/93

1

5

48

Chlorophytes

39

('green algae')

Chrysophytes

a
b

24

Includes 12 counts exceeding 15,000 cells/mL.
Also known as dinoflagellates.

The biflagellate cryptophytes Cryptomonas and Rhodomonas were ubiquitous, being detected in 94%
and 87% of all samples respectively (Table 2.10). The widespread occurrence of the cryptophytes in
freshwaters, albeit frequently at low numbers, is a common occurrence (Reynolds 1984).
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Large populations of the dominant green algae (chlorophytes in Table 2.10) were associated with
periods of moderate to high discharge rates and attained maximum levels in February-March 1996
when flow reached a peak of 95,000 ML/day (95 GL/day) on 26 February and 27 February (Figure
2.6a). Presumably the turbulence associated with water flow is necessary to maintain these organisms
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in suspension and consequently, during periods of low flow and limited turbulence, these populations
decline as observed in the latter parts of 1994 and 1995.
Diatoms were the only representatives of the Chrysophytes to occur frequently enough, or in
sufficiently high numbers to appear in Table 2.10. The centric diatoms Cyclotella and Aulacoseira
(previously known as Melosira) occurred more frequently and more often at higher numbers than the
pennate diatoms Nitzchia and Synedra. The occurrence of diatoms was associated with periods of
moderate to high flows (Figure 2.6b). Analogous to the Chlorophytes, the diatoms require water
column mixing to maintain them in suspension, and to move them periodically into the photic zone
(Reynolds 1984).
Both the pyrrhophyte (dinoflagellate) Peridinium and the euglenophytes Euglena and Trachelomonas
were found in excess of 60% of samples but never at levels > 1,000 cells/mL. All these genera are
motile, possessing one or more flagella.
Possible causes of the temporal variations in algal populations and especially enviromental conditions
responsible for the development of cynaobacterial blooms form the focus of several subsequent
chapters.

2.9

Zooplankton

Zooplankton communities include a "complex assemblage of bacteria, rotifers, protozoans,
microcrustacea and juveniles of various macroinvertebrates" (Shiel, 1995). There has been
considerable interest recently in zooplankton communities in Australian inland waterways, both from
an intrinsic point of view, and due to their potential role in control of algal blooms.
Boon et al. (1994) noted that Australian zooplankton assemblages are dominated by calanoid
copepods and rotifers rather than large cladocerans that are more prevalent in the Northern
Hemisphere. Cladocerans are considered essential for the biological control of blue-green algal
blooms. These authors noted that the few reports on zooplankton grazing in Australian freshwaters
suggest that native zooplankton cannot consume noxious cyanobacteria fast enough to effectively
control algal blooms. However, Matveev et al. (1994) found in mesocosm experiments that the
cladoceran water flea, Daphnia carinata consumed all lake phytoplankton, including cyanobacterial
colonies and diatom filaments, with no adverse effects due to the toxin released by Microcystis. They
suggest that D. carinata may be an important controller of phytoplankton biomass in Australian lakes.
Zooplankton trawls were taken using a 39 µm mesh net on a number of occasions when contrasting
conditions of flow and algal community composition were apparent. The major zooplankton taxa,
defined as those organisms occurring in numbers >100 animals per millilitre of concentrated sample,
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are listed in Table 2.11 (identification and enumeration by Dr Russ Shiel). Although the results
presented are an accurate reflection of zooplankton numbers in the concentrated samples collected by
the net trawl, the scaling factor relating these to the zooplankton concentrations in the river is, at best,
semi-quantitative. Bow waves at the net mouth, net clogging and towing speed are all variables that
affect the volume of water filtered (Shiel, 1995). An estimate of 1,000 can be made for the sample
concentration factor from the geometry of the net (30 cm diameter) and the distance towed (typically
5-6 metres) but the following discussion is largely of population densities in the concentrated samples
for comparative purposes.
During six field trips to Bourke Weir Pool zooplankton populations in excess of 100 animals mL-1 (in
concentrates) were observed on only two occasions, December 1993 and December 1994 (Table
2.11). With the exception of the protozoan (rhizopod) Difflugia limnetica and the cladoceran Moina
micrura, all zooplankters were rotifers from the class Monogononta and were divided between the
orders Flosculariacea (Hexarthra, Conochilus, Filinia) and Ploimida (Trichocerca, Polyarthra,
Brachionus, Proalides). Occurrences of microcrustaceans at >10 animals/mL in concentrated
samples were restricted to the cladoceran Chydorus sp (57 mL-1 on, 5/12/93), the copepod
Calamoecia lucasi (11 animals mL-1 on 12/10/94), calanoid copepodites (11 animals mL-1 on
12/10/94) and calanoid juveniles (20 animals mL-1 on 12/10/94). Daphnia were not found in any of
the 10 samples collected from the Bourke Weir Pool during this study, although D. carinata and other
cladocerans, (Bosmina meridionalis, Ceriodaphnia sp and Moina micrura) as well as the calanoid
copepod Boeckella triarticulata, were the numerically dominant zooplankton in November 1991
during the Anabaena circinalis bloom (Boon et al., 1994). Interestingly, a month after the 1991
bloom rotifers again dominated the zooplankton of the weir pool. From these few samples the
microcrustacea (copepods and cladocerans) appear to be numerically poorly represented in the
Darling River at Bourke.
'Quantitative' samples were collected at other sampling sites upstream and downstream of Bourke by
taking 10 L of water using a bilge pump and passing this known volume through the trawl net. This
ensures the filtration of a fixed volume but will not adequately sample animals that can swim away
from the bilge pump suction. In these cases the animal numbers are reported at concentrations
occurring in the river.
In October 1994, the Barwon River at Brewarrina was similar to the river at Bourke and contained no
rotifer populations >10 animals mL-1 but in contrast had much higher microcrustacean populations.
For example, the copepod Boeckella triarticulata was found at 356 animals mL-1 with slightly higher
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Table 2.11

Dominant zooplankton in concentrated samples from the Darling River at
Bourke (see text).
Date

Group

Species Name

Zooplankter / mL

7/10/93

None

3/12/93

Protista

Difflugia limnetica

124

'

Rotifera

Trichocerca sp. 2

288

'

Rotifera

Polyarthra sp.

247

'

Rotifera

Brachionus calyciflorus

453

'

Rotifera

Brachionus angularis

165

'

Rotifera

Conochilus sp.

165

'

Rotifera

Filinia sp.

165

4/12/93

Rotifera

Polyarthra sp.

1025

'

Rotifera

Filinia cf. novaezealandiae

740

Cladocera

Moina micrura

228

'

Rotifera

Brachionus budapestinensis

171

'

Rotifera

Proalides sp.

455

'

Rotifera

Conochilus sp.

165

'

Rotifera

Polyarthra sp.

2560

'

Rotifera

Filinia sp. a

1706

5/12/93

All < 100

7/6/94

None

All < 100

12/10/94

None

All < 100

19/10/94

None

All < 100

5/12/94

None

All < 100

13/12/94

Rotifera

Hexarthra jenkinae

1011

'

Rotifera

Brachionus plicatilis sp. 1

1340

20/6/95

None

All < 100

numbers of calanoid copepodites (415 animals mL-1) and juveniles (435 animals mL-1). Daphnia
carinata (46 animals mL-1) and Ceriodaphnia sp. (20 animals mL-1) were the dominant cladocerans
present. Daphnia were also found downstream of Bourke in Weir 20A during October 1994, when D.
carinata numbered 48 animals mL-1 and D. lumholtzi numbered 26 animals mL-1. However, as
observed at other sites, no rotifers were present at >10 animals mL-1 in Weir 20A at this time. By 14
December 1994 the community structure had changed in Weir 20A and rotifers were numerically
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dominant with Hexarthra sp. and Polyarthra sp. being present at 1,380 and 2,142 animals mL-1
respectively. The most numerous microcrustaceans were copepod juveniles (109 animals mL-1) and
Calamoecia lucasi (25 animals mL-1).
In June 1995, neither the Barwon River sampling site or the Bourke Weir Pool had rotifer populations
> 10 animals mL-1, and microcrustacea were not evident at Bourke. However, the Barwon River
contained microcrustacean species. Ceriodaphnia sp. were found at 22 animals mL-1 while Boeckella
sp. (15 animals mL-1), Calamoecia sp. (12 animals mL-1) and calanoid copepodites (22 animals mL-1)
and juveniles (41 animals mL-1) were the most numerous copepods. In contrast, there were no
microcrustacea in the Bogan River at Gongolgon and the zooplankton were dominated by the rotifers
Polyarthra sp. (997 animals mL-1), Filinia sp. (573 animals mL) and Keratella tropica (324 animals
mL-1).
The largest zooplankton populations were found in November 1995 at the site downstream of Weir
19A where the rotifers Brachionus plicatilus and Hexarthra cf fennica were at river concentrations of
154 animals/mL and 525 animals/mL respectively. These taxa are specific halophiles and not
commonly found in freshwater environments (Shiel, 1996). The river water at this site was quite
saline with an electrical conductivity (EC) of 26,500 µS/cm). A similar conductivity was evident in
this river reach on 13 December 1994, (EC of 33,500 µS/cm)and the dominant zooplankton were
again the rotifers Brachionus sp. and Hexarthra jenkinae (424 and 2226 animals per mL in a
concentrated sample, respectively). It is likely that the high salinity at these sites suppresses other
zooplankters (Shiel, 1996). A sample of Barwon River water taken from Brewarrina Weir in
November 1995 also exhibited relatively high rotifer populations with the dominant species being
Conochilus sp. (56 animals/mL), Horaella brehmi (19 animals/mL) and Keratella australis (14
animals/mL) as well as copepod nauplii (37 animals/mL).
These results emphasise the large temporal and spatial variability of zooplankton assemblages in the
Darling River. Whether there is any causal relationship between the water column characteristics and
the dominance of particular zooplankton genera (apart from the occurrence of the halophilic species
in the highly saline region) requires further investigation.

2.10

Discussion

This chapter has shown that the Darling River is normally a highly turbid, eutrophic lowland river.
Total and ì solubleî phosphorus concentrations and total nitrogen concentrations are usually in excess
of ANZECC guidelines for the protection of aquatic ecosystems. Despite these elevated nutrient
concentrations algal growth is normally not significant except during specific periods of time. The
conditions leading to occurrences of algal blooms are examined extensively in subsequent chapters.
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The timing of our field program (October 1993 ñ November 1995) coincided with flow patterns much
lower than the long term historical mean values. Flow over the Bourke Weir ceased completely for
more than 100 consecutive days during spring and early summer of both 1994 and 1995. The
extended cessations of flow resulted in much lower median turbidity and nutrient concentrations in
the weir compared with long term data records.
In general, an excellent agreement was found between the physico-chemical measurements conducted
as part of this study and the corresponding ì Riverwatchî data. This finding provides independent
validation to the sampling and analysis protocols performed during the ì Riverwatchî program.
It has been shown that the origin of the water entering the Bourke Weir will have a significant impact
upon the subsequent functioning of the riverine environment. Inflows from the Culgoa-BalonneCondamine system will result in elevated turbidity in the weir, which will persist for several months
after flow in the Darling River has diminished. Conversely, suspended particulate matter borne down
the main Barwon stem settles relatively rapidly under low flow conditions, resulting in a water
column more conducive to algal photosynthesis.

2.11

Key points

•

Low flows during study period atypical of long term behaviour.

•

High median turbidity of 100 NTU. Turbidity related to flow and to tributary source of water.
Under low flow conditions the rate of decline in turbidity is related to the source of the water.

•

Very high salinities can occur, particularly during low flows in sections of the river affected by
saline groundwaters. These salinities can impact on the physical, chemical and biological
characteristics of the river.

•

Total phosphorus and total nitrogen concentrations are high and correlated with turbidity,
although phosphorus concentrations are still high even when turbidity is low.

•

Concentrations of filterable reactive phosphorus were high and comprised from 10 to 50% of the
total phosphorus concentration. Despite these high concentrations the phytoplankton numbers
remain low for much of the year.

•

Concentrations of the dissolved forms of combined inorganic nitrogen were not particularly high
during the study period although historically concentrations have been high, especially of nitrate.

•

During the project the blue-green alga Anabaena spp. occurred more frequently in numbers
exceeding 1,000 cells/mL than any other alga. Anabaena spp. occurred in 45% of samples
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collected during the project and during 2 periods of the study exceeded the high alert level of
15,000 cells/mL.
•

Microcrustacea were usually found in relatively low numbers but occasionally large populations
were observed.

2-24

Chapter 3

Flow and temperature stratification

Chapter 3 Effects of flow on thermal stratification and
phytoplankton growth
3.1 Introduction
In the major rivers of the Murray-Darling Basin flow rate is controlled by the presence of weirs that
store water for the agricultural and potable requirements of local communities. In the Darling River
the weirs are simple walls that impound a volume of water and they cannot be used to regulate flow
rates downstream. The weirs are relatively small and store water within the confines of the river
channel, forming weir pools that stretch for ca. 30 to 50 kilometres upstream. Historically the rivers
of the Murray-Darling system have been managed for agricultural purposes so that maximising water
storage and minimising flows have been key considerations (Ebsary 1994). One result of this is that at
times the rivers resemble a series of linked impoundments.
Flow in the Darling River is controlled by releases of water from large storages in the upper
catchment. The increased diversion of water for agricultural purposes, particularly in the upper
reaches of the river, has led to a reduction in the ability to provide significant flows downstream (Bek
et al. 1994). It is suspected that occurrences of cyanobacterial blooms are in part due to reductions in
flow, particularly in weir pools where the low river flow is even further reduced due to impoundment.
It is well known that weir pools are susceptible to blooms of cyanobacteria (Sullivan et al. 1988; Bek
1994; Hˆ tzel & Croome 1994) and when blooms become particularly problematic a management
option is to increase flow to flush the phytoplankton out of the impoundment. Although ultimately an
effective strategy it is not entirely satisfactory, as the response time is often slow because of the long
lag between the release of water from storages upstream and its arrival at the impacted site. In
addition, flushing flows are frequently required at times when irrigation demands are at a premium
and because these releases are considered wasteful they are only used as a last resort, usually when a
water quality problem has already become critical.
In a recent study of weir pools on the Murrumbidgee River, Webster et al. (1996) investigated the
hypothesis that cyanobacterial growth was associated with the formation of temperature (density)
stratification during periods of low discharge. The suppression of turbulent mixing by thermal
stratification provides conditions under which buoyant cyanobacteria are able to float into the well-lit
surface layers and dominate the phytoplankton community (Oliver 1994). The results of the study on
Maude Weir Pool demonstrated that persistent thermal stratification was an important condition for
inducing blooms of the cyanobacterium Anabaena circinalis. It was shown that sufficiently high flow
rates could reduce, or even remove thermal stratification to the detriment of Anabaena growth
(Webster et al. 1996; Sherman et al. 1998). Summer discharge rates in excess of ca. 1000 ML d-1
were identified as being unsuitable for the growth of Anabaena in Maude Weir Pool, while discharges
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below 500 ML d-1 allowed stratification to occur and frequently resulted in the development of
Anabaena blooms.
It is hypothesised that low flow rates in the Darling River would have a similar effect on temperature
stratification, and that occurrences of cyanobacterial blooms could be controlled by this interaction.
The massive bloom of Anabaena circinalis that occurred in the Darling River during late 1991 was
associated with an extended period of low flow (Bowling and Baker 1996). An analysis by Bek et al.
(1994) of the Darling River monitoring data from 1992-94 concluded that increased flow reduced the
occurrence of cyanobacteria.
Two approaches were employed to provide further evidence for the importance of flow in regulating
cyanobacterial blooms in the Darling River. In the simplest of these approaches, cyanobacterial
concentrations in Bourke Weir Pool were compared with the concurrent discharge from the
impoundment to identify the role of flow in controlling the numbers of blue-green algae. In the
second study, a thermistor chain (a vertical series of temperature probes) was installed in the weir
pool to provide information on thermal stratification. This short-term investigation (November 1995January 1996), enabled the effects of discharge rate on temperature stratification in the Bourke Weir
Pool to be compared with the monitoring data relating cyanobacterial blooms and flow. The study
also provided data suitable for comparison with the detailed stratification measurements made in the
weir pool on the Murrumbidgee River at Maude (Webster et al. 1996).

3.2 The influence of river discharge on the concentration of cyanobacteria
The relationship between algal counts and discharge for the Bourke Weir Pool was examined for the
period 1992-1996 using data obtained from monitoring programs operated by the NSW Department of
Land and Water Conservation (DLWC). An inverse relationship between flow and cyanobacterial
numbers is evident from the 3.5 years of data plotted in Figure 3.1. Significant increases in the
abundance of cyanobacteria, to levels in excess of 1000 cells mL-1, only occurred during periods of
low discharge (ca. <300 ML d-1), although reductions in flow did not always provide the stimulus for
growth of cyanobacteria. For example, during the periods June to October 1994 and July to August
1995, discharge rates were extremely low yet significant populations of cyanobacteria were not
observed (Figure 3.1). Conversely, reductions in peak cyanobacterial numbers often appeared to be
due to increases in discharge rate. Between September 1992 and March 1993 cyanobacterial numbers
declined when discharge rates exceeded 500 ML d-1 (Figure 3.1). However, increased flow was not
the only factor reducing the cyanobacterial concentrations, as is evidenced by the decline in
cyanobacterial numbers in January 1995 which occurred prior to any significant increase in discharge.
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Despite evidence for the influence of factors other than discharge rate on the occurrence of
cyanobacterial populations, a scatter plot of cyanobacteria cell numbers and discharge rate supports a
general link between flow and population size (Figure 3.2). The data indicates that concentrations of
cyanobacteria in excess of 1000 cells mL-1 only occurred when the discharge was less than 800 ML d1

, although high cell concentrations were not always evident at these low discharge rates. Indeed at

zero discharge, concentrations of cyanobacteria ranged between 20 and 200,000 cells mL-1. At
discharge rates above 800 ML d-1 cyanobacterial populations were always less than 1,000 cells mL-1.
However, populations were not necessarily reduced to zero at high discharge rates and on occasions
several hundred cells mL-1 of cyanobacteria were still evident even at discharge rates in excess of
3000 ML d-1 (Figure 3.2). These could be remnants of preceding populations that had not been fully
removed by increases in flow rate or they could be actively growing populations maintaining their
presence in the weir pool despite the high discharge rates. Similarly some of the small cell
concentrations recorded at low flows could be remnant populations that had not sufficient time to
increase in size after a flow reduction. Incorporation of a time lag component into the data analysis
might help to clarify these situations (Jones 1993) except that the data is probably not detailed enough
for this.
Changes in discharge can also affect water quality characteristics, including turbidity and
conductivity, which impact on algal growth. The effects of these changes, especially on light
penetration into the water, are addressed in Chapter 4.
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Figure 3.2 Scatter plot between the concentration of cyanobacteria and discharge rate for Bourke
Weir Pool over the period September 1992 to February 1996.

3.3 The effect of discharge rate on temperature stratification in Bourke Weir
Pool
Thermal stratification in Bourke Weir Pool was monitored in detail between 10th November 1995 and
9th January 1996 at the water-works jetty. Eleven ì Hoboî automatic recording thermistors (Onset
Instrument Corp.) were placed at a series of fixed depths below full weir level. These probes can be
left unattended for extended periods measuring temperature at preset time intervals with a resolution
of ca. 0.2oC. The sensors were attached to a chain at intervals of ca. 0.35 metres, at known depths
between full weir level (0 metres) and 3.52 metres below full level. Nine of the thermistors recorded
temperature every 48 minutes while two of the thermistors (in positions 3 and 6) recorded temperature
every 16 minutes. Because the sensors were fixed in position they were referenced to the river-height
gauge and their depth calculated from daily river height readings (Figure 3.4). Initially, and until 30th
November 1995, the level of the weir pool remained relatively constant at a gauge reading of ca. 3.4
metres. At this gauge level, the depth of the sensors with respect to the actual water surface were 0.5, -0.14, 0.23, 0.58, 0.93, 1.28, 1.63, 2.0, 2.3, 2.7 and 3.0 metres, so that the top two sensors
measured air temperature. Following the period of high flow in the second half of December (Figure
3.4) the river height stabilised at a gauge reading of ca. 4.5 metres and the sensors were all
submerged. From the 26th December until the end of the temperature record sensors were at depths of
0.57, 0.93, 1.3, 1.65, 2.0, 2.35, 2.7, 3.04, 3.39, 3.74, and 4.09 metres. The period of high flow was
used to cross-calibrate the Hobo sensors in the field. The largest discrepancy observed between any
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two of the 11 sensors was 0.34oC, and differences between sensors were stable over the range of
temperatures monitored during the high flows. All sensors were standardised to the thermistor in
position three.
The temperature data obtained from three of the thermistors over the 60 days between November
1995 and January 1996 are shown in Figure 3.3 and provide an overview of the typical patterns in
temperature stratification that occurred during this period. Initially, and up until the 6th December,
temperature stratification was observed in the water column, with significant differences in
temperature between depths of 0.23, 2.3 and 3.0 metres as indicated by the separation between the
temperature lines in Figure 3.3. Higher temperatures are nearer to the water surface. On the 6th
December 1995 the rapidly rising river (Figure 3.4) submerged all sensors and fully mixed the water
column so that temperatures were uniform from top to bottom, as indicated by the superimposed
temperature lines in Figure 3.3.
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22/12/95
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Date
Figure 3.3 Time series of temperature for thermistors in positions 3, 9, 11. Until the 30th
November 1995 depths of thermistors were: 0.23, 2.3, and 3 metres. After the 26th
December 1995 the depths were 1.3, 3.4 and 4.1 metres respectively (Section 3.3).
Four flow regimes are covered by the temperature data (Figure 3.4):
(i) the initial period of 26 days up until the 6th December during which time there was no discharge
from the weir and water depth was stable at a gauge height of ca. 3.4 metres;
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(ii) a period of rapidly increasing river height with discharge peaking at 10,000 ML d-1 on the 19th
December;
(iii) a rapid decline in river height to a minimum discharge of 1940 ML d-1 on the 30th December
and;
(iv) a period during which the water depth varied only slightly as discharge gradually increased
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again to 3550 ML d-1 on the 9th January (Figure 3.4).
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Figure 3.4 Changes in discharge (
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) and river-gauge height (
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).

This range of discharge rates provided an opportunity to assess the effects of flow on thermal
stratification in the weir pool at Bourke under the meteorological conditions of late spring and early
summer. Figure 3.5 details the thermal stratification measured during two of the flow regime periods.
Figures 3.5a and 3.5b show stratification during period (i), when discharge from the weir was zero
and the two upper thermistors were above the level of the water surface and measuring air
temperatures. Figure 3.5c describes the change from period (iii) to period (iv) when the discharge and
river height fell, then discharge gradually increased with only a small increase in water depth. During
the stable part of this period in late December (Figure 3.5c) all thermistors were submerged with the
near surface thermistor at 0.57 metre below the water surface.
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Figure 3.5a, b, c Time series for temperature measured at a range of depths: in a & b -0.5, -0.14,
0.23, 0.58, 0.93, 1.28, 1.63, 2.0, 2.3, 2.7 and 3.0 metres, in c after 26th December
0.57, 0.93, 1.3, 1.65, 2.0, 2.35, 2.7, 3.04, 3.39, 3.74, and 4.09 metres.
3-7

Chapter 3

Flow and temperature stratification

Air temperatures indicate the input from solar irradiance and their fluctuations show the effects of
changing meteorological conditions. During November and early December when discharge was zero
the maximum and minimum air temperatures varied significantly between days and had a significant
effect on temperature stratification in the water column. Air temperatures measured by the upper two
sensors showed large oscillations (Figures 3.5a and 3.5b) with minimum and maximum temperatures
of 15oC and 38oC respectively. Diurnal fluctuations were large and up to 16oC. High daytime
temperatures resulted in intense stratification but were often followed by low temperatures at night
that led to convective mixing of the surface layers to depths of 2 to 3 metres (Figure 3.5a & 3.5b). On
occasions when night-time temperatures did not drop much below water temperatures thermal
stratification was maintained throughout the night, as occurred between the 18th and 20th November
(Figure 3.5b). On days when air temperatures were relatively low (25oC maximum) the degree of
stratification in the weir pool declined. An example of this can be seen in Figure 3.5b over the period
from the 20th to the 23rd November when daytime air temperatures were low and night-time
temperatures declined. Initially the maximum temperature difference between the top and bottom
thermistors was 5oC, but by the 23rd of November there was no difference in temperature between
thermistors overnight indicating surface mixing down to the depth of the lowest sensor. This was
followed in late November by a period of increasing temperatures which re-established intense
stratification (Figure 3.5b).
Mixing depths during the low flow period were estimated by assuming that a temperature difference
of less than 0.3oC between adjacent thermistors indicated the water layers were mixed while
differences of 0.3oC or larger indicated temperature separation and poor mixing between the water
layers. Changes in mixing for the period prior to the high flow event on the 6th December are shown
in Figure 3.6. Early in the period mixing depths generally approached the surface during the day (ie.
temperature stratification occurred throughout the monitored depth) and extended to between 2.3 and
3 metres during the night (Figure 3.6). On occasions when overnight temperatures were not much
lower than water temperatures the overnight mixing depths were reduced. This occurred between the
18th and 20th November and again on the 26th and 27th November when maximum mixing depths
did not greatly exceed 1.0 metre (Figures 3.5b and 3.6). When low daytime temperatures were
followed by cool nights then stratification was weakened, as illustrated during the period 20th to 23rd
of November when mixing depths exceeded 0.5 metres even during the day (Figure 3.6).
Despite the extended period of zero discharge during this period (Figure 3.4) a significant population
of cyanobacteria was not observed until the 20th November, when a concentration of ca. 200 cells
mL-1 of Anabaena circinalis appeared (Figure 3.6). This coincided with a period of several days
when diurnal mixing was curtailed. The next algal sample was taken one week later, and thereafter
samples were collected every few days. During this time reduced mixing depths occurred more
frequently and the Anabaena population increased at a specific growth rate of ca. 0.4 day-1, which is
equivalent to a population doubling time of 1.7 days. The change in flow resulting from an increased
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discharge in December (Figure 3.4) mixed the weir pool, removed the cyanobacterial population and
destroyed the thermal stratification (Figure 3.6).

2/12/95
4/12/95
6/12/95
7/12/95

26/11/95
28/11/95
29/11/95
1/12/95

20/11/95
21/11/95
23/11/95
24/11/95

13/11/95
15/11/95
16/11/95
18/11/95

1000000

0

Mixing depth (m)

0.5
100000

1
1.5

10000
2
2.5

1000

3
3.5
Figure 3.6 Mixing depth (

Cyanobacteria (cells/mL)

10/11/95
12/11/95

Date

100
) and concentration of cyanobacteria (

).

Discharge peaked on the 19th December and then declined, falling to a minimum of 1,940 ML d-1 on
December 30th before slowly increasing again (Figure 3.4). During the short period of reduced flow
between the 26th December and the 1st January 1995, thermal stratification re-appeared as
temperature differences of up to 1oC between the bottom sensor at 4.1 metres depth and the top sensor
which was at a depth of 0.57 metres (Figure 3.5c). The temperature difference between the top and
bottom sensors was used to indicate the degree of thermal stratification and was compared with
changes in discharge rate (Figure 3.7). The oscillations of ±0.1oC about the zero temperature
difference in Figure 3.7 are not significant as they are within the resolution of the thermistors.
As discharge declined below 3000 ML d-1 stratification became apparent as a temperature difference
between the top and bottom thermistors of 0.5oC (Figure 3.7). The intensity of stratification varied
between days but a temperature difference was apparent until the 4th January when discharge
increased to 2590 ML d-1. Although thermal stratification was apparent on each day that the discharge
was below ca. 2600 ML d-1 it did not continue throughout the night when the temperatures at 0.57
metres and 4.1 metres were equivalent indicating mixing throughout the water column (Figure 3.7).
On the 6th, 7th and 8th January discharge was constant at 3300 ML d-1 and stratification was not
evident.
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Figure 3.7 Changes in thermal stratification monitored as the difference in temperature between
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3.4 Discussion
A simple comparison of cyanobacterial cell concentrations and discharge rates (Figures 3.1 & 3.2)
showed that significant populations of cyanobacteria (>1,000 cells mL-1) did not occur in Bourke
Weir Pool unless discharge fell below approximately 800 ML d-1. Although low flow conditions did
not always result in large increases in cyanobacterial numbers a reduced discharge appears to be one
of the pre-requisites for cyanobacterial growth, as large populations were never observed at
discharges above 1,000 ML d-1. During the study period the decline in each of the significant
cyanobacterial populations, except the bloom in January 1995, was associated with an increase in
discharge (Figure 3.1). The data suggest that reductions in populations to concentrations of 1,000
cells mL-1 or less occur when discharge increases above ca. 500 ML d-1 (Figure 3.2). Combining
these observation for increasing and decreasing discharge rates suggests moderate cyanobacterial
populations are maintained at discharge rates between 500 ML d-1 and 800 ML d-1. At higher
discharge rates cyanobacterial populations are reduced to low numbers while at lower discharge rates
conditions can become suitable for cyanobacterial blooms to occur (Figure 3.2).
At discharge rates of 1,000 ML d-1 to 3,500 ML d-1 cyanobacterial populations of several hundreds of
cells per millilitre were observed within the weir pool (Figure 3.2). It is not clear whether their
presence is due to cell growth within the impoundment, or to wash-in of populations from upstream,
or to a time lag in their removal by increased flows. Irrespective of the source, these small numbers
of cyanobacteria may provide an important inoculum for subsequent blooms.
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The wide range of cyanobacterial concentrations at zero discharge provides clear evidence that other
environmental factors are also affecting cyanobacterial growth (Figure 3.2). This conclusion is
supported by the lack of cyanobacteria during the particularly long period of reduced or zero
discharge between June and September 1994 (Figure 3.1). Although this is the winter period with
water temperatures of 10oC to 15oC that may restrict growth, these temperatures also occurred in June
1993 and were sufficient to enable the growth of Anabaena circinalis to concentrations in excess of
2,000 cells mL-1 (Figure 3.1). Other factors that might influence cyanobacterial growth are the
availability of nutrients and light and these are discussed in detail in Chapters 4 and 5.
Intensive temperature data was collected from early November 1995 following a prolonged period of
low or zero discharge that had commenced in July 1995. Apart from a small, short-lived increase in
cyanobacterial concentration to 300 cell mL-1 during September, cyanobacterial populations were not
evident until late in November when Anabaena circinalis began to increase in numbers (Figure 3.1 &
3.6). This population reached a concentration of over 100,000 cells mL-1 before being rapidly
reduced by a large increase in discharge due to the passage of a flood peak (6-19th December 1995,
Figure 3.4). Detailed data on thermal stratification in the weir pool was collected for the period from
mid-November onwards and this included the time of increase in the Anabaena population.
Temperature stratification was conspicuous in the weir pool (Figure 3.3), but despite the lack of flow
stratification was not continuous, being frequently disrupted at night by convective cooling that
penetrated to depths of 2 to 3 metres (Figure 3.5a, b & Figure 3.6). This occurred particularly during
the first week of intensive temperature measurements (10-17th November 1995), but occurred less
frequently after that. The first record of an increase in the concentration of Anabaena during this
period was on November 20th. This coincided with several days of moderate night time temperatures
when stratification was not extensively disrupted by convective cooling and maximum mixing depths
were restricted to between 0.5 and 1.0 metre (Figure 3.5b & Figure 3.6). During this period the
minimum temperature difference between the upper and lower thermistors varied between 1oC and
8oC (Figure 3.5b). In the following two weeks the maximum mixing depths did not often penetrate
below 2 metres and on a number of occasions were significantly less than this (Figure 3.6). The
overall reduction in mixing and increase in intensity of the stratification was associated with a
continuing increase in the concentration of Anabaena.
The close association between the reduction in mixing depth and the increase in concentration of
Anabaena suggests a causal link. However, due to the paucity of detailed temperature data preceding
this period it cannot be categorically concluded that episodes of reduced mixing had not occurred
during the extended low flow period when cyanobacterial populations were absent from the weir pool.
Without this corroboration the growth of the cyanobacteria cannot be attributed directly to changes in
mixing conditions. Modelling of the mixing regime in the weir pool may provide a basis for further
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substantiating this link, but it is evident that more data on the thermal structure of the weir pool is
required.
Data from the thermistor chain continued to be acquired during and following the period of peak
discharge that removed the large Anabaena population (Figure 3.5c). Following passage of the flood
the discharge was reduced sufficiently to allow temperature stratification to re-appear in the surface
layers for several days before discharge again increased (Figure 3.5c & Figure 3.7). These
measurements indicated that stratification occurred as discharge fell below ca. 3000 ML d-1 and was
removed as flow increased above 2600 ML d-1. The actual flow level needed to mix the weir pool and
remove stratification will depend on the prevailing meteorological conditions and also on the depth
and volume of the weir pool. However, these estimates are probably typical for summer conditions.
At these discharge levels thermal stratification was disrupted each night by mixing. Even at the lowest
flow rate of 1940 ML d-1 that occurred on 30th December 1995 diurnal mixing was evident,
suggesting that discharge rates less than this are necessary if stratification is to be prolonged over
periods of days (Figure 3.7). If prolonged stratification is a pre-requisite for the growth of Anabaena
then the data relating thermal stratification to flow can be used to identify flow levels conducive to
the growth of cyanobacteria. It appears that as discharge falls below 3000 ML d-1 diurnal thermal
stratification appears (ie. stratified during the day and mixed during the night). As discharge
continues to fall to between 1000 ML d-1 and 2000 ML d-1 stratification intensifies, although still
frequently dissipated at night. Discharge rates less than 1,000 ML d-1 did not occur for any extended
time during the period of intensive temperature monitoring (except for zero discharge) but apparently
flows below this level are necessary for prolonged stratification. However, even at zero discharge
extensive convective mixing appeared to be sufficient to curtail thermal stratification on occasions.
The discharge levels identified as impacting on the growth of cyanobacteria in Bourke Weir Pool are
similar to the critical discharge levels identified by Webster et al. (1996) in their study of Maude
Weir Pool on the Murrumbidgee River. This similarity is perhaps surprising given the notable
differences in climate between Bourke and Maude and the differences in water quality, especially
turbidity, between the rivers. These differences resulted in surface water temperatures in the
thermally stratified Bourke Weir Pool in late November being 5oC higher than those in Maude Weir
Pool during January (Webster et al. 1996). However, the two weirs are similar in size with
impounded pool capacities of 5,000 ML for Maude and 4,500 ML for Bourke. Slopes are similar,
with length of the full impoundment being ca. 35 kilometres at Maude and 40 kilometres at Bourke.
Maude is slightly deeper on average than Bourke, ca. 6 metres compared with 4.5 metres, while
Bourke (ca. 60 metres) is wider than Maude (ca. 40 metres). These comparisons suggest that the
physical dimensions of the weir pool are more important than climatic differences in determining the
critical discharge rates controlling cyanobacterial blooms. If this is the case then these findings could
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be generalised across the many weir pools of comparable size on the Murrumbidgee and Darling
Rivers.

3.5 Key points
•

In Bourke Weir Pool the maximum concentrations of cyanobacterial cells were inversely related
to discharge rate. The data indicated that populations greater than 1,000 cells mL-1 did not occur
until the discharge rate fell below 800 ML d-1. Moderate populations up to 1,000 cells mL-1 were
maintained at discharges between 500 ML d-1 and 800 ML d-1 while above these discharge rates
populations were reduced to low numbers.

•

Even at discharge rates of 1,000 ML d-1 to 3,500 ML d-1 cyanobacterial populations were observed
at concentrations of several hundreds of cells per millilitre providing an inoculum for subsequent
blooms.

•

The degree of temperature stratification was dependent on discharge rates but was also strongly
influenced by convective mixing due to large differences in daily maximum and minimum air
temperatures.

•

During summer, daytime stratification appears in the near surface waters as discharge decreases
below 3,000 ML d-1 but is restricted to short periods. At discharge rates between 1,000 ML d-1
and 2,000 ML d-1 stratification intensifies but is usually dissipated at night by the influence of
convective cooling. At zero discharge intense stratification occurs during the day and depending
on air temperatures is not completely dissipated at night with maximum mixing depths sometimes
reduced to 0.5 metres.

•

The growth of cyanobacteria was associated with a reduction in the extent of vertical mixing as a
result of increased temperature stratification.

•

Low flow rates increase the likelihood of temperature stratification and the occurrence of
cyanobacterial blooms in Bourke Weir Pool.
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Chapter 4 Turbidity, conductivity, light penetration and
phytoplankton growth
4.1 Introduction
Turbidity in the Darling River is generally high with a median value at Bourke of 101 nephelometric
turbidity units (NTU) for the period 1964 to 1991 (Table 2.1; Bek & Robinson 1991). The turbidity is
due to suspended particulate and colloidal matter and is extremely variable, with recorded values
ranging from 15 NTU to over 2000 NTU. Most of the transported material in the Darling River is
fine suspended sediment, generally silts and clays, with some 80-95% being less than 2 µm in size
(Woodyer 1978), resulting in high levels of light scattering (Oliver 1990). The fine particles can
remain in suspension for prolonged periods even at very low flow rates, considerably reducing the
penetration of light into the water column.
This study was designed to test the hypothesis that reduced light penetration due to high turbidity
resulted in light-limitation of phytoplankton growth in the Darling River, and that periods of increased
phytoplankton production were associated with improving light conditions when particles settled out
and turbidity declined. This chapter addresses the underwater light conditions in Bourke Weir Pool,
identifies the conditions leading to reductions in turbidity, and assesses the effect of turbidity on the
growth of phytoplankton.
Phytoplankton capture light energy and transform it into chemical energy through the processes of
photosynthesis, where dissolved carbon dioxide is converted into complex sugars. Of the total
amount of carbon (C) fixed in photosynthesis, some is incorporated into cell structures and can be
directly observed as cell growth, and some is used in the process of respiration where complex sugars
are broken down into carbon dioxide to provide the cell with energy. The nett amount of carbon
accumulating as cell growth is the difference between the carbon taken up in photosynthesis and that
released in respiration. As photosynthesis occurs only in the light, while respiration occurs both in
the light and the dark, the accumulation of carbon will depend on the time the phytoplankton spends
in the light and in the dark. If carbon is accumulated in excess of growth requirements in the light, a
certain amount can be stored and used as an energy supply during periods of darkness when
photosynthesis cannot occur.
The depth in the water column to which light penetrates is determined by the extent to which it is
absorbed and scattered by dissolved compounds and suspended particles contained within the water
(Kirk 1983; Oliver 1990; Kirk & Oliver 1995). In general, light intensity declines exponentially with
depth as described by the Beer-Lambert Equation:
Iz = Io e-kz

(4.1)
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where Iz is the light intensity at a depth z metres below the surface, Io is the immediate sub-surface
light intensity, and k is the rate of attenuation of the downwelling light usually referred to as the
vertical attenuation coefficient. The maximum depth of the light zone suitable for phytoplankton
photosynthesis is designated the euphotic depth (zeu), and is estimated as the depth where light energy
is reduced to 1% of the intensity immediately below the water surface. The depth of the euphotic
zone can be calculated from a re-arrangement of Equation (4.1):
zeu = ln 100/k = 4.6052/k

(4.2)

Although measurements of light penetration indicate the clarity of the water, they do not by
themselves indicate the availability of light for phytoplankton growth as this will also depend on the
residence time of the phytoplankton in the well lit surface layers.
In a water column undergoing turbulent mixing, where phytoplankton cells are moved around by the
fluid motion, the irradiance encountered by the cells will be a function of the ratio between the
euphotic depth (zeu) and the depth of mixing (zmix). If zeu equals zmix (ie. zeu/zmix = 1) then the cells are
constantly illuminated and photosynthesis is continuous during the daylight period. If the mixing
depth is greater than the depth of the light zone then the phytoplankton spend a proportion of their
daylight period in the dark where photosynthesis cannot occur but respiration continues. As the
zeu/zmix ratio further decreases, the proportion of time that the cells spend in the light is reduced until
eventually nett growth cannot occur because respiratory carbon use equals or exceeds the carbon
supply from photosynthesis.
Using current techniques it is difficult to regularly and routinely monitor rates of photosynthesis and
respiration in the field, and so direct measurements of the effects of changing zeu/zmix ratios on
phytoplankton carbon accumulation and respiratory loss are not feasible. However, identification of
critical values for zeu/zmix that indicate whether light conditions are suitable for nett phytoplankton
production is a useful means of assessing the role of light in stimulating algal growth. Talling (1971)
calculated critical values for the zeu/zmix ratio based on equations describing daily rates of
photosynthesis and respiration summed (or integrated) over the depth of mixing. Summation over the
mixing depth gives a measure of the carbon fixed per unit surface area of the water column. The
analysis involves a number of approximations and simplifications that reduce the reliability of the
critical values estimated for the zeu/zmix ratio, but it provides a starting point for assessing the
suitability of in situ light conditions for phytoplankton growth. A brief description of the analysis
follows in order to highlight the assumptions and to identify the measurements required if the
precision of these estimates is to be improved in the future.
A number of models have been developed to calculate the daily rate of photosynthesis integrated over
the depth of light penetration (ΣΣP), but that proposed by Talling (1957a) will be used here. The
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form of the equation is slightly modified from the original to account for modern improvements in the
measurement of underwater light penetration.
ΣΣP = b PM T (ln (Ií o / 0.5Ik) / k

(4.3)

Here ΣΣP is the carbon fixed under unit surface area per day (mg C m-2 d-1), and b is the chlorophyll-a
concentration which provides an estimate of the algal concentration (mg chla m-3). PM is the
maximum chlorophyll-a specific rate of photosynthesis that the algae can achieve when light is
saturating photosynthesis (mg C mg chlorophyll-a-1 h-1), while k is the vertical attenuation coefficient
for photosynthetically active radiation (m-1). T is the length of the daylight period (hours), Ií o the
mean daily irradiance just below the water surface (µmoles photons m-2 s-1), and Ik is the light
intensity below which photosynthesis becomes increasingly light limited (µmoles photons m-2 s-1).
The daily respiration rate integrated over the mixing depth and expressed as a rate per unit of surface
area is given by the equation:
ΣΣR = 24 b R zmix

(4.4)

where ΣΣR is the carbon respired under unit surface area per day (mg C m-2 d-1), R is the chlorophylla specific rate of respiration (mg C mg chlorophyll-a-1 h-1) and b and zmix have been previously
defined.
The column compensation point is defined as the mixing depth that results in the daily integral
photosynthesis balancing the daily integral respiration so that carbon does not accumulate:
ΣΣP = ΣΣR

(4.5)

Using this equation and replacing k with the equivalent ln 100/ zeu (Equation 4.2) gives the ratio of the
euphotic depth (zeu) to mixing depth (zmix) that results in daily photosynthesis balancing daily
respiraton:
zeu/zmix = 24 R ln100 / (PM T ln(Ií o / 0.5Ik) )

(4.6)

This equation can be simplified by assuming that the respiration rate R is constant and equivalent to
0.1PM (Reynolds 1984, p137) and that the function ln (Ií o / 0.5Ik) is equal to a mean value of 2.75
(Reynolds 1984, p153) to give:
zeu/zmix = 4.02/T

(4.7)

If the day length T is 12 hours, then at the column compensation point zeu/zmix has a value of 0.33. A
respiration rate of 0.1PM is relatively high and an average value of 0.07 may be more appropriate
(Reynolds 1984), reducing the critical zeu/zm ratio for column compensation point to 0.23.
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Data on the function ln(Ií o/0.5Ik) has come mainly from lakes of the northern hemisphere. Two years
of fortnightly phytoplankton production measurements on a temperate Australian reservoir, Mt Bold
Reservoir in South Australia, yielded values of between 1 and 3.5 with a mean of 2.35 (Oliver 1982).
Using this mean value and an R/PM ratio of 0.1 or 0.07 gives critical zeu/zmix ratios for column
compensation point of 0.27 and 0.39 respectively. Rather than selecting a single critical value for the
zeu/zmix ratio from these values, a range of 0.2 to 0.35 was used to indicate the onset of light limitation
due to mixing.
The dependency of phytoplankton population changes on the zeu/zmix ratio was used to assess the
likelihood that high turbidities in the Darling River resulted in light limitation of phytoplankton
production, and to indicate if increased growth, particularly of cyanobacteria, was related to
improvements in the light regime.

4.2 The vertical extent of light penetration
Measurements of light penetration were made at various river sites in the Bourke region during the
nine intensive field trips, but with an emphasis on the Bourke Weir Pool. Light intensities were
measured using submersible quantum sensors (Lambda Instruments Co.) sensitive to
photosynthetically active radiation (PAR, 400-700 nm). An array of three PAR sensors were in a
horizontal plane and used to measure depth profiles, while a deck sensor monitored changes in
incident irradiance. These simultaneous measurements enable inherent optical characteristics such as
absorption and scattering coefficients to be estimated from the apparent optical properties measured in
the field (Kirk 1981a & b; 1983; Oliver 1990, Kirk & Oliver 1995).
The vertical attenuation coefficient (k) was estimated by linear regression from the measurements of
downwelling irradiance using a logarithmic transformation of Equation (4.1):
ln Iz = ln Ií o - kz

(4.8)

The vertical attenuation coefficient for downwelling irradiance (k) differed markedly between
sampling periods ranging from a minimum of 1.2 m-1 up to 34 m-1, corresponding to euphotic depths
of 3.8m and 0.14m respectively (Table 4.1).

4.3 Comparisons of light attenuation and turbidity
Measurements of light profiles were restricted to nine field trips, a paucity of cover that could not
provide sufficient detail to assess the impact of changing light conditions on phytoplankton growth.
To extend the applicability of the light measurements the vertical attenuation coefficients were
compared with turbidity data that was collected simultaneously (Table 4.1). Turbidity is the only
variable pertaining to the optical characteristics of the river that is measured in the Riverwatch
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monitoring program. The strategy was to relate the vertical attenuation coefficient to turbidity so that
the turbidity data could be re-interpreted in terms of light penetration.
Table 4.1 Vertical attenuation coefficients compared with turbidity data at four locations.
Site Name

Sample Date

Turee
Turee
Turee
Turee
Rose isle
Rose isle
Rose isle
Rose isle
Bourke gauge
Bourke gauge
Bourke gauge
Bourke gauge
Bourke gauge
Bourke gauge
Weir 19a (800m d/s)
Weir 19a (800m d/s)

3/12/93
14/10/94
11/02/94
5/06/94
4/12/93
13/10/94
12/02/94
8/06/94
12/10/94
10/02/94
20/06/95
3/06/94
4/12/93
7/11/95
21/06/95
7/11/95

Kd
(m-1)
4.2
1.2
4.5
10.9
3.6
1.9
6.0
12.7
4.0
2.8
10.4
14.2
3.5
2.35
33.91
1.18

Turbidity
(NTU)
60
14
51
290
60
32
130
320
50
41
285
330
60
53
790
53

Turbidity differed markedly between periods but was found to be linearly related to the vertical
attenuation coefficient (Figure 4.1) according to the relationship:
k = 0.04 Turbidity + 0.73

(4.9)

(r2 = 0.98, standard error of the slope = 0.001 and standard error of the constant = 0.36). This
expression was substituted for k in Equation (4.2) and estimates of zeu for Bourke Weir Pool
calculated from the regular turbidity measurements recorded in the ëRiverwatchí monitoring program
(Figure 4.2).
Calculation of the zeu/zmix ratio requires estimates of both the euphotic depth (zeu) and the depth of
mixing (zmix). Direct measurements of the mixing depth were not made and so it was estimated as the
maximum depth of the weir pool (zm). The depth of the Bourke Weir Pool was measured at several
sites and related back to the regular measurements of river height determined from a water level gauge
board. In this report the maximum depth of the pool is estimated as 0.9 metres greater than the
surface layer height indicated by the gauge.
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Figure 4.1 Linear regression between the vertical attenuation coefficient for downwelling
irradiance and turbidity for sites on the Darling River.
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Figure 4.2 The depth of the weir pool at Bourke (
calculated from turbidity measurements (

) and the estimated euphotic depth
).
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Calculating the ratio of zeu/zmix using the maximum depth (zm) as an estimate of the mixing depth is
not ideal. However, in view of the diurnal convective mixing that occurs regularly, even during the
summer when daytime thermal stratification is intense (Figure 3.5), the assumption that zm
approximates zmix may be reasonable if not always correct. Unfortunately, without actual
measurements of the mixing depth this assumption is necessary to estimate the column compensation
point for cell growth.
The calculated zeu/zm ratio changed considerably over time (Figure. 4.3), but for 50% of the 44 month
study period it was less than 0.2, the minimum value of the critical range set for the zeu/zm ratio,
indicating that light limitation was likely. For extended periods the ratio was significantly less than
0.1 and the phytoplankton were probably severely light-limited at these times. The zeu/zm ratio
exceeded 0.35 indicating light was sufficient for phytoplankton growth for a total time of only ca. 14
months. The longest continuous periods during which the zeu/zm ratio indicated a suitable light
climate for algal growth occurred during three months in September to November 1992, three months
in May to July 1993 and three months in August to October 1995 (Figure 4.3).
0
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Figure 4.3 Time series of changes in (i) the zeu/zm ratio (

); (ii) discharge (

) and; (iii)

the concentration of cyanobacteria (columns), in the weir pool at Bourke. The
horizontal line (

) indicates a zeu/zm ratio of 0.35.

4.4 Correlating changes in the underwater light climate with the occurrence of
cyanobacteria
The ëRiverwatchí monitoring data on algal composition shows that large peaks in phytoplankton
biomass were due to blooms of cyanobacteria (Figure 4.4). The data in Figure 4.4 extends to low
concentrations of cells and indicates that there is generally a background level of several hundred to
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nearly a thousand cells of algae per millilitre at most times. Concentrations of cyanobacteria above
100 cells mL-1 are depicted in Figure 4.3 for comparison with changes in the zeu/zm ratio. It is
apparent that significant increases in cyanobacterial numbers were always associated with periods of
increased water clarity where the zeu/zm ratio exceeded the critical range of 0.2 - 0.35. However the
converse was not true and improvements in the light climate did not always result in large increases in
cyanobacterial numbers. This is demonstrated by the September-October period of 1995, when an
extended period of high zeu/zm values did not result in large increases in phytoplankton biomass,
although the concentration of cyanobacteria did increase briefly to ca. 400 cells mL-1.
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Figure 4.4 Time series of the total concentration of phytoplankton (
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) and the concentration of

cyanobacteria (columns).
In general the depth of the weir pool was maintained at a constant level over much of the study period
(Figure 4.2) so that differences in the zeu/zm ratio were due mainly to changes in zeu brought about by
fluctuations in turbidity. Turbidity usually increased in response to increased flow although the
extent of the turbidity rise was not a direct function of flow rate. This is evident in the ëRiverwatchí
data for the period June through to December 1993, when a large flow in November 1993 resulted in
less of an increase in turbidity than a smaller flow in August and September 1993 (Figure 4.5). It is
likely that these differences are due to changes in the source of the inflowing water (Chapter 2).
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The rate of decline in turbidity when flow diminished was also significantly different between
periods. During two months of low flows in June and July 1994 turbidity remained at ca. 350 NTU,
while between June and September 1995 turbidity declined immediately as flow reduced, falling from
over 1000 NTU to less than 30 NTU in two months (Figure 4.5).

4.5 Cause of turbidity reduction
Analysis of the Riverwatch data for the Bourke Weir Pool indicated that conductivity increased at
times of low river flow and declined as flow rate increased (Bek et al. 1994; Mitrovic et al. 1995). A
comparison of the variations in conductivity and turbidity indicated that they were inversely related to
each other with conductivities in excess of ca. 350 µS cm-1 to 400 µS cm-1 causing turbidity to decline
significantly (Figure 4.6a). This is not unexpected since it is well known that the concentration of
divalent ions such as Ca2+ and Mg2+ are very effective in coagulating colloidal particles (Chapter 8).
A plot of turbidity against conductivity indicated a strong inverse relationship between the two
variables (Figure 4.6b) making it apparent that conductivity plays a major role in controlling the
turbidity of the river.
The levels of conductivity and turbidity at which water clarity would be sufficient to stimulate
phytoplankton growth were estimated by setting a conservative value of 0.2 for the zeu/zm ratio and
calculating from this the relevant euphotic depth for particular values of zm. If the mean depth of the
weir pool is taken as 5m (Figure 4.2) then the zeu/zm ratio will equal 0.2 when zeu is 1.0 metre deep.
From Equation (4.2) it is calculated that this occurs when the vertical attenuation coefficient (k)
equals 4.6. Substituting this value of k into Equation (4.9) gives a turbidity of ca. 100 NTU as the
level at which light becomes limiting. From Figure 4.6b this turbidity level corresponds to a

4-9

Chapter 4

Light penetration and phytoplankton growth

Dec

Sep

Turbidity (NTU)
-1
Conductivity ( µS cm )

2000
1500
1000
500

1992

1993

1994

1995

Dec

Sep

Jun

Mar

Dec

Jun

Mar

Sep

Jun

Mar

Dec

Sep

0
1996

Date

Figure 4.6a Time series of turbidity (

) and conductivity (

) in the weir pool at Bourke.
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Figure 4.6b Scatterplot showing the relationship between turbidity and conductivity at Bourke Weir
Pool.
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conductivity of 200 µS cm-1 to 400 µS cm-1 with a mean of ca. 300 µS cm-1.

4.6 Discussion
The magnitude of the vertical attenuation coefficient for downwelling irradiance (k) is a function of
the absorption and scattering of light by material suspended and dissolved in the water. Because
turbidity is a measure of scattering, and light scattering is only one of the factors influencing light
penetration (Kirk 1983), the vertical attenuation coefficient is not usually expected to be a simple
function of turbidity. However, when the scattering coefficient is large compared to the absorption
coefficient (ca. >20) as in the Darling River (Oliver 1990), then the component of the vertical
attenuation coefficient due to absorption remains relatively constant and scattering accounts for most
of the variation in light attenuation (Kirk 1983). In this case the vertical attenuation coefficient is
closely correlated with turbidity (Figure 4.1) and the relationship can be used to estimate vertical
attenuation coefficients and the extent of light penetration from turbidity measurements. This finding
considerably enhances the usefulness of the turbidity measurements obtained in the routine
ëRiverwatchí monitoring program, which can now be used to assess the suitability of the
environmental light conditions for supporting algal growth. The impact of the high turbidity in the
Darling River on light penetration is illustrated by the conversion of turbidity measurements to
estimates of the euphotic depth (Figure 4.2). For extensive periods of time the euphotic depth was
significantly less than 1 metre and only on a few occasions exceeded 2.5 metres, or half the depth of
the weir pool.
In assessing the effect of reduced light penetration on phytoplankton growth the depth of the euphotic
zone was compared with the maximum depth of the weir pool rather than a measure of the actual
mixing depth. This approximation was made because the information required to estimate the mixing
depth was not available for times other than the short period when a thermistor chain was installed in
the Bourke Weir Pool (Chapter 3). The assumption that the mixing depth is equivalent to the
maximum depth of the water column may be reasonable for much of the time as diurnal mixing,
caused by overnight convective cooling, appears to be a regular feature in the weir pool, even during
the height of summer (Figure 3.5). In particular, when discharge is around 1000 ML d-1 to 2000 ML
d-1, diurnal mixing extends throughout the depth of the water column (Figure 3.5c). Two assumptions
are contained within this approach. The first is that the mixing periods are relatively frequent
compared to the growth rate of the cells so the zeu/zm ratio correctly estimates the relative time spent
by the cells in the light and in the dark during the daylight period. The second assumption is that any
independent vertical movement of the cells resulting from either cell motility, or their floating and
sinking characteristics, is small relative to their movement by the water.
The fastest in-situ growth rate for cyanobacteria in the weir pool was of the order of a doubling every
1.7 days. If mixing occurs nightly, then the phytoplankton community is vertically mixed at least
once during a cell division period, just prior to the daytime. In this situation the zeu/zm ratio provides a
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reasonable estimate of the relative proportion of the population that is within the euphotic zone,
provided that independent vertical movement by the cells is minimal. If the cells sink rapidly between
mixing episodes then the proportion of the community in the euphotic zone will be over-estimated by
the zeu/zm ratio and the critical values of the ratio indicating column compensaton point will be
conservative estimates. Conversely, if cells float or swim rapidly towards the surface then the zeu/zm
ratio will underestimate the proportion of the community in the euphotic zone and the critical values
for the column compensation point will be over-estimated.
The major bloom-forming cyanobacterium in the Darling River is Anabaena circinalis, which was
generally observed to occur in single filaments during the study period. Maximum flotation rates for
this organism are likely to be around 1 metre per day (Reynolds, Oliver & Walsby 1987), although
this is increased significantly if filaments entangle to form larger conglomerates. In the case of single
filaments of Anabaena floating up at a rate of 1 metre per day, the effect of flotation would be to
decrease zmix by ca. 0.25 metres on average over the day-light period when temperature stratification
reduced vertical mixing. This would alter the critical zeu/zm ratio by only about ca. 5%.
Despite the many assumptions made in setting the critical values of zeu/zm, significant increases in
concentrations of cyanobacteria were always associated with values of the ratio equal to or greater
than the critical range 0.2 to 0.35 (Figure 4.3). The significance of light availability is demonstrated
particularly by the period April to October 1994 when, despite several months of low or zero
discharge, growth of cyanobacteria was not observed until the critical range of zeu/zm was surpassed in
late October (Figure 4.3). However, a significant improvement in the zeu/zm ratio for a period of
several months in August to October 1995 did not lead to a large biomass increase of cyanobacteria,
although a small concentration increase did occur. The population had been at extremely low
concentrations prior to this period and perhaps the inoculum was insufficient to enable a significant
biomass to form in the time. Similarly, in May - June 1993 an improvement in the zeu/zm ratio
triggered a response in the cyanobacteria which increased to over 2000 cells mL-1, but this was a
relatively small response compared to other times (Figure 4.3). However, during this period,
discharge increased to between 400 ML d-1 and 800 ML d-1 which is sufficient to reduce the
cyanobacterial population to levels of a few thousand cells per millilitre (Figure 3.2). This example
further demonstrates that the formation of cyanobacterial blooms is dependent on a number of
interacting factors.
During periods of reduced water flow intrusions of saline groundwater increase the conductivity of
the Darling River (Williams 1992; 1993). It is apparent from Figures 4.6a and b that increases in
conductivity have a significant affect on turbidity, and experiments have indicated that this is due to
enhanced coagulation and precipitation of the suspended particulate matter (Chapter 8).
The rate of increase in conductivity was not constant during periods of zero discharge. In the six
month period from May 1994 to October 1994 (167 days) flow rate was virtually zero and
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conductivity increased from 220 to 453 at an average rate of 1.4 units per day, while turbidity
declined from 350 NTU to 80 NTU (Figure 4.6a). In contrast, over the three month period from early
June 1995 to early September 1995 (91 days), conductivity increased from 129 µS cm-1 to 791 µS cm-1
at an average rate of 7.3 units per day, while turbidity declined from 1300 NTU to 22 NTU(Figure
4.6a). The depth of the weir pool was similar at both times and the water level was below the level of
the weir wall so that discharge was zero, but water supply for the local community was met by
continued inflows. Consequently, it is possible that differences in turbidity and conductivity between
the two periods could have been due to changes in the tributaries replenishing the water supply
(Figure 2.5). However it seems unlikely that changes in tributary source could cause the five-fold
increase in the rate of conductivity rise. As differences in the rate of change of conductivity and
turbidity have important implications for the development of algal blooms it would be useful to
reliably identify the reasons for the different conductivity responses within the Bourke Weir Pool.
Critical values of turbidity and conductivity that marked the shift between light-limited and lightsufficient conditions were estimated using the value of zeu necessary for the zeu/zm ratio to equal 0.2.
The calculations were based on relationships derived between conductivity and turbidity (Figure 4.6b)
and the vertical light attenuation and turbidity (Figure 4.1). These calculations indicate that
phytoplankton are likely to be light limited when turbidities are greater than ca. 100 NTU, and that
turbidity will be reduced below this level when conductivities increase over ca. 350 µS cm-1. A
similar level of turbidity was found to impact on the cell densities of Aulacoseira granulata in weir
pools on the Murray River below the confluence of the Darling River (Hˆ tzel & Croome 1996),
suggesting that light limitation may also be important in controlling the growth of phytoplankton at
these sites.

4.7 Key points
•

Turbidity in the Darling River is generally high with a median value of 101 NTU.

•

Values for the ratio of the euphotic depth to the mixing depth (zeu/zmix) that indicated a shift from
light limitation to light sufficiency were estimated as being between 0.2 and 0.35. Ratios less
than 0.2 indicated light limitation while ratios greater than 0.35 indicated light sufficiency.

•

It was shown that turbidity is linearly related to the vertical light attenuation coefficient enabling
the depth of light penetration to be estimated from turbidity measurements. This greatly enhanced
the value of the turbidity monitoring data.

•

The mixing depth was not measured directly but estimated as the depth of the weir pool (zm).
Although not ideal, the estimate is reasonable as the weir pool undergoes diurnal convective
cooling which generally mixes the entire water column.
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During the period of the 44 month study, the zeu/zm ratio indicated that light was limiting for at
least 50% of the time and was adequate for 32% of the time.

•

The presence of significant cyanobacteria populations was always associated with periods of
adequate light. However, periods of adequate light did not always stimulate cyanobacterial
blooms, indicating that other environmental factors also play a part in regulating growth of
cyanobacteria.

•

Conductivity increased at times of low flow in the river, presumably due to inflows of saline
groundwater.

•

Turbidity and conductivity were inversely related with conductivities in excess of 350 µS cm-1 to
400 µS cm-1 causing turbidities to decline significantly. This relationship indicates that
conductivity plays a major role in controlling the turbidity of the Darling River.

•

It was estimated for the weir pool at Bourke that light became limiting when turbidity exceeded
about 100 NTU and that turbidity fell below this level when conductivity increased above 350 µS
cm-1.
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Chapter 5 The effects of saline groundwater intrusion on water
clarity and the riverine environment
5.1 Introduction
Occurrences of saline springs in the Bourke region were reported in 1829, when Europeans first
encountered the Darling River (Williams 1993). The effects of these springs on water quality has led
to considerable interest by the NSW Department of Land and Water Conservation (DLWC) in the
riverine stretch directly downstream from Weir 19A (Figure 1.1) where a major saline inflow has
been identified. Electrical conductivity (EC) profiles carried out by DLWC in 1991 mapped a salt
plume about 800 metres downstream (d/s) from the weir wall. The plume had a conductivity of
25,300 µS cm-1 and originated from saline ground water inflow (Williams 1993).
This major saline inflow below Weir 19A provided an opportunity to examine the effects of such
intrusions on water quality and to assess the implications for algal growth. Observations made in the
weir pool at Bourke showed that increases in conductivity led to reduced turbidity, and this improved
the underwater light climate to an extent that enhanced the potential for algal growth (Chapter 4).
The extent of the saline water influence within Weir 20A was determined by monitoring water quality
parameters (pH, turbidity, EC, dissolved oxygen and temperature) and nutrient concentrations at
several sites. Measurements were made in the pool above the Weir 19A wall, and at a number of
stations in Weir 20A downstream to a site at Rose Isle, 86 kilometres below Weir 19A (Figure 5.1).
In addition to the field surveys, laboratory investigations were made into the mechanisms of turbidity
reduction resulting from an increase in conductivity.

5.2 Hydrogeochemistry
Williams (1993) reported that saline inflows to the Darling River are the result of hydrostatic pressure
differences causing deeper saline groundwater to puncture the lens of freshwater associated with the
Darling floodplain. At river flows in excess of 5,000 ML d-1 the freshwater lens within the upper
layers of the floodplain is rapidly recharged and, on recession of the river, this freshwater flows back
into the river. Williams (1993) estimated that saline inflow occurs when river discharge is less than
4,500 ML d-1. At river discharges of 422 and 744 ML d-1 saline inflow volumes of 2.9 and 1.8 ML d-1
respectively were reported (Williams 1992). Although Williams (1993) states that this process is
driven by natural groundwater heads rather than being anthropogenically induced, it is evident that
alterations in river flow due to water abstraction will influence the extent of saline groundwater
intrusion.
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Figure 5.1 Schematic of important Darling River sampling sites in the Bourke region.
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The major cation chemistry of water samples collected on different dates within the saline plume at a
site 800 metres downstream from the Weir 19A wall (800m d/s Weir 19A) are shown in Table 5.1.
The total dissolved solids (TDS) concentrations were calculated from conductivity measurements
using the conversion factor of 1 µS cm-1 = 0.6 mg L-1 of TDS determined by Williams (1993). This
factor was validated in the current study (n = 28, r2 = 0.989) for conductivities <2,000 µS cm-1.
However, at higher conductivities (5000 ñ 35,000 µS cm-1), a different linear relationship holds
giving a conversion factor of 0.75 ± 0.01 (n = 9, r2 = 0.999).
Table 5.1 A comparison of the total dissolved solids concentration and major cation composition of
two off-river bores sampled within three depth zones, <20 metres (#1), 35-46 metres (#2),
>68 metres (#3), and saline water from the bottom of the Darling River 800 metres
downstream from Weir 19A.

Sample

a

Date

[Ca]

[Mg]

[Na]

TDSa

(mg L-1)

(mg L-1)

(mg L-1)

(mg L-1)

Jandra Bore #1

10/12/93

23

13

61

285

Jandra Bore #2

10/12/93

1040

931

5920

21000

Jandra Bore #3

10/12/93

968

1050

6880

23400

Glen Villa Bore #1

10/12/93

61

27

249

1030

Glen Villa Bore #2

10/12/93

990

1070

7320

24240

Glen Villa Bore #3

10/12/93

1050

1230

8590

27060

800m d/s 19A

6/6/94

1060

1020

6620

22200

800m d/s 19A

17/10/94

1000

1000

N/a

20340

800m d/s 19A

13/12/94

940

910

N/a

19800

800m d/s 19A

7/11/95

1030

950

6950

21840

Total Dissolved Solids (TDS) calculated from EC values using a conversion factor of 1 µS cm-1 =
0.6 mg L-1 TDS (Williams 1993).

The saline plume has a similar cation composition to water samples collected from off-river bores at
sites nearby to ëJandraí and ëGlen Villaí stations (Figure 5.1; Table 5.1). The three samples from
each of the bores are from increasing depths in the water table. There is a marked discontinuity
between freshwaters found in bore samples at depths <20 metres (Table 5.1, samples #1) and the
saline waters found in bore samples at depths between 35-46 metres (Table 5.1, samples #2).
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Williams (1993) noted that the salinity of the water found in a saline spring at the site 800 metres d/s
of Weir 19A, is consistent with the salinity of the upper portion of the deep aquifer, represented by
the #2 samples. The deeper #3 samples (>68 metres) show a further slight increase in salinity.
The anion chemistry of the groundwater infusing into the river was dominated by chloride (13,000 mg
L-1) but with substantial amounts of sulfate present (2,300 mg L-1). Such significant concentrations of
sulfate may play an important role in phosphate release from sediments under anoxic conditions.
Caraco et al. (1989) have suggested that increased sulfate content in the water column is critical to
the control of phosphorus-release through the action of sulfate-reducing bacteria. Waite (1997) has
recently undertaken a review of the influence of sulfate in Australian freshwater systems.
Immediately downstream from the Weir 19A saline water was observed trickling into the river from
numerous seeps in the banks above the river level, predominantly in the region from 1,000 metres to
1,500 metres downstream from the weir wall. These sites were characterised by distinct orange
staining, presumably from oxidation of Fe(II) in the groundwater on exposure to the atmosphere. A
spring of saline water was located one metre off the bank, and approximately 1,300 metres down from
the weir wall. Samples collected from this spring had a similar composition to samples from the site
800 metres d/s Weir 19A, suggesting a common source.

5.3 Effects of the Saline Intrusion on Water Quality
5.3.1 Surface water conductivity
Figure 5.2 shows the range of conductivities observed in the surface waters of the site 800 metres d/s
Weir 19A during the six field trips of the study. During these times the conductivity of water within
Weir 19A was always <350 µS cm-1 and consequently, the increase in surface water conductivity just
downstream from the Weir 19A wall is attributed solely to incursion and mixing of saline
groundwater occurring within the river reach. An inverse relationship between discharge and
conductivity is apparent, resembling that within the weir pool at Bourke (Figure 4.5) but showing
greater extremes. The conductivity in the river surface water increased dramatically during the latter
months of both 1994 and 1995 following extended periods of little or no flow. In December 1994
conductivity exceeded 24,000 µS cm-1 while in January 1995 it reached a maximum value of 33,000
µS cm-1. In both years discharge increased in late January due to heavy rains and consequently
conductivity declined.
A more detailed picture of these changes is provided by data collected at an automatic salinity
monitoring station (Station #425036), established by DLWC at Deadmanís Creek, about 8.7
kilometres downstream from Weir 19A (Figure 5.1). The salinity probe has a maximum detection
value of 2,000 µS cm-1 and, as shown in Figure 5.2 and Figure 5.3, conductivities exceeded this value
for long periods of time. The river height data represents the depth of water above the water
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Figure 5.2 The variation of surface conductivity with river flow for the Darling River, 800 metres
downstream of Weir 19A, from December 1993 to December 1995.
intake sampling pipe, which was located at a depth expected to be covered by water at all times, even
under low flow conditions. Although interpretation of Figure 5.3 is complicated by the possible
involvement of freshwater springs in this immediate area (Williams 1993), it appears that several
months of low flow are required to establish high salinity levels in the water column. For example,
the periods May to June 1994 and July to August 1995 show the conductivity level rising from ca.
400 µS cm-1 to in excess of 2,000 µS cm-1 under the prevailing low flow conditions.
5.3.2 Turbidity Reduction
As observed in Bourke Weir Pool (Figure 4.6a), increases in water column conductivity under lowflow conditions caused major decreases in the turbidity of surface waters. Figure 5.4 illustrates the
inverse relationship between turbidity and EC for surface waters at the site 800 metres d/s Weir 19A
(Figure 5.4). During these periods turbidity values within Weir 19A were consistently above 100
NTU, except for 18th January 1995, when a value of 50 NTU was recorded. Consequently the low
turbidities at 800 metres d/s of the weir can be attributed to conditions in that section of the river.
More detailed data from the sampling site at Rose Isle, 86 kilometres downstream from Weir 19A
(Figure 5.1) similarly shows an inverse relationship between conductivity and turbidity (Figure 5.5).
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Figure 5.3 Electrical conductivity measurements at the Deadmanís Creek site, Darling River,
downstream of Weir 19A, from May 1994 to December 1995.

150

-1

Electrical Conductivity (µS cm )

10 5

125

790

100
75

EC
Turbidity

10 3

50

Turbidity (NTU)

10 4

25
10 2

0
1994

1995

Figure 5.4 Turbidity and electrical conductivity in the Darling River, 800 metres downstream of
Weir 19A, from May 1994 to December 1995.
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5.3.3 Changes in algal biomass
The sampling site at Rose Isle is situated about mid-way along the length of the pool at Weir 20A and
provides a useful location to assess the downstream effects of the saline groundwater intrusion on
algal growth. The ëRiverwatchí monitoring data presented in Figure 5.5 shows the temporal
variations in electrical conductivity, turbidity and total algal numbers (logarithmic scale) at the Rose
Isle site.
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Figure 5.5 Temporal variations in Darling River surface water conductivity, turbidity and total algal
population at ëRose Isleí within Weir 20A, from May 1994 to December 1995.
The high conductivities, in excess of 1500 µS cm-1, measured during the latter stages of 1994,
resulted in an almost complete clarification of the water at the Rose Isle site with an associated peak
in algal biomass. A flood peak in January-February 1995 (Figure 5.3) reduced conductivity and
increased turbidity briefly (Figure 5.5) before flow returned to low values. Apparently flows were
not sufficiently low during the first half of 1995 for high conductivities and low turbidities to occur
(Figure 5.5). However, by the end of November 1995, following continued reductions in flow,
conductivity had exceeded 600 µS cm-1 and turbidity had declined to 65 NTU, accompanied by
increased algal concentrations (Figure 5.5).
5.3.4 Longitudinal differences in river characteristics
If average water depths within the pool of Weir 20A are considered similar to those in the weir pool
at Bourke then a nominal turbidity value of 100 NTU can be used to identify the onset of light
limitation of algal growth. This turbidity value is based on the analysis of algal growth responses to
light conditions in the weir pool at Bourke (Chapter 4).
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Figure 5.6 Temporal variation in Darling River turbidity at ëRose Isleí and Bourke from May 1994
to December 1995.
A comparison of the turbidity values at ëRose Isleí and at Bourke (Figure 5.6) shows that in 1994,
light conditions conducive to algal growth were established two months earlier at ëRose Isleí.
However, this situation was reversed in 1995 when the turbidity remained >100 NTU at ëRose Isleí
until late October, while in the Bourke Weir Pool turbidity was reduced to <100 NTU by early July.
During 1994, the lengthy period of favourable light conditions at the Rose Isle site resulted in a peak
total algal population of 330,000 cells mL-1 recorded on 5th December 1994, following a four month
period of low turbidity (Figure 5.5). High algal populations (>20,000 cells mL-1) were not recorded
in Bourke Weir Pool until two weeks later, supporting a link between lengthy periods of improved
light climate and eventual high algal growth.
Despite the favourable light climate at Bourke commencing in July1995, it took until early December
to establish a significant algal population (>10,000 cells mL-1). In contrast, at the Rose Isle site a
peak algal count of 150,000 cells mL-1 was recorded on 4th December 1995, shortly after turbidity
had declined below 100 NTU (Figure 5.5). The reasons for the lack of algal growth during the long
clear-water phases at ëRose Isleí during the second half of 1994, and in Bourke Weir Pool during the
second half of 1995 are not apparent. In addition, there is no clear reason at this stage for the large
difference in behaviour between Bourke Weir Pool and Weir 20A in 1995 and not in 1994, even
though the flow regimes in both years were similar.
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5.4 Salinity as a determinant of algal speciation
Depth-integrated water samples were collected from a number of sites in the vicinity of Weir 19A
during the December 1994 field trip for enumeration of cyanobacterial species (identification and
enumeration by Dr. W. van Dok). The results of this study, presented in Table 5.2, indicate that algal
speciation is influenced by salinity.
The highly saline sites below Weir 19A (indicated as Saline Spring and 1300 m d/s Weir 19A in
Table 5.2) gave rise to salt-tolerant Anabaenopsis species, while in the low salinity water in Bourke
Weir Pool, Anabaena species predominated. The ëRose Isleí site, in mid-Weir 20A, had a slightly
higher conductivity than Bourke, and provided an interesting crossover where both Anabaenopsis and
Anabaena species occurred, although Anabaenopsis arnoldii was replaced by A. tanganyikae in these
less-saline waters.
Table 5.2 Variation in cyanobacterial speciation and count with electrical conductivity, Bourke,
December 1994.
Site

-1

EC (µS cm )

Saline

1300 metres Deadmanís ëYandaí

ëRose

Bourke

Spring

d/s 19A

Creek

Isleí

Weir

27,000

24,700

4,590

2,360

1,230

350

n.o.

n.o.

n.o.

Species

Algal Count (cells mL )

Anabaenopsis arnoldii

20,000

19,000

Anabaenopsis tanganyikae

n.o.

n.o.

n.o.

n.o.

34,000

n.o.

Anabaena aphanizomenioides n.o.

n.o.

n.o.

n.o.

4,000

12,000

Anabaena flos-aquae

n.o.

n.o.

n.o.

n.o.

n.o.

26,000

Anabaena circinalis

n.o.

n.o.

n.o.

n.o.

n.o.

147,000

-1

730

(n.o. = not observed).

5.5 Mechanism of salinity-induced clarification of the water column and the
effect on phosphorus concentrations
Laboratory studies were undertaken to model the interaction of turbid Darling River water and a
saline groundwater intrusion (Grace et al. 1997). This work showed that the divalent cations Ca2+
and Mg2+ are 2-3 orders of magnitude more effective than Na+ in causing the coagulation and
subsequent settling of the fine particles and colloids that constitute the suspended particulate material
in the Darling River. The addition of 0.75 mM Ca2+ or Mg2+ to Darling River water resulted in water
column clarification over 24 hours. It is proposed that the mechanism of coagulation involves
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specific interactions between the cations and hydroxyl and carboxyl groups on the negatively charged
organic matter that coats the particles. The resultant reduction in negative surface charge facilitates
the coagulation process, allowing particle flocs to grow until they reach a size where they rapidly
settle from the water column.
Without interaction with groundwater cations, settling of submicron-sized particles in the Darling
River is extremely slow. This very slow settling process is illustrated in Figure 2.2 and Figure 4.5.
Under the prevailing low flow conditions, it took three months for turbidity in the Bourke Weir to fall
from 400 NTU at the start of June 1994, down to 100 NTU at the start of September 1994.
Laboratory experiments have shown that without turbulence half the particles settled out in 4-5 days.
In a similar example, the turbid waters upstream from Weir 19A contained 0.3 mM concentrations of
both Ca2+ and Mg2+ cations giving a total of 0.6 mM. According to laboratory experiments this
concentration is sufficient to remove >90% of the suspended particulate matter in 1 day, yet the water
in Weir 19A remained turbid for months.
One important feature of water column clarification is that the concentration of dissolved phosphorus
estimated after filtration through a 0.2 µm pore size filter (filterable reactive phosphorus ie. FRP <0.2
µm) is unaffected by the gross reduction in particle numbers due to the coagulation and settling
processes. Laboratory experiments have confirmed that as the particles settle out due to cationinduced coagulation, the FRP (<0.2 µm) concentration remains constant (Grace & Heland, 1996).
The FRP (<0.2 µm) in Weir 19A water remained at 180 ± 5 µg L-1 throughout the duration of the
coagulation/settling experiments (5-6 hours), irrespective of the identity of the coagulating cation
(Ca2+ or Mg2+).

5.6 Discussion
Groundwater intrusions in the region downstream from Weir 19A greatly enhance the water column
clarification process via divalent cation induced coagulation and subsequent settling of the larger
aggregates. Under low flow regimes re-suspension is minimal and the overall result of these events is
a dramatic improvement in the light climate for algal growth. This further supports the proposition
developed in Chapter 4 for the weir pool at Bourke, that salinity induced reduction in turbidity is a
key process in the initiation of algal growth in the turbid Darling River. In addition to the impacts on
water clarity, large increases in salinity also impact on the species composition of the algal
communities in different sections of the river. The dominant forms of filamentous blue-green algae
were observed to change with differences in salinity.
Although conditions of a suitable light climate and sufficient nutrients were observed several times,
they did not always result in high algal populations. For example, in October 1994, the turbidity of
the water column downstream from Weir 19A was <10 NTU, much lower than the proposed
threshold turbidity of 100 NTU for algal growth. Enhanced light penetration and increasing water
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temperatures associated with the onset of the warmer months, coupled with high concentrations of
FRP (40 µg L-1), provided an apparently ideal environment for algae, yet the chlorophyll-a
concentration was only 4 µg L-1. The major algae at this time were diatoms (166 cells mL-1
predominantly Chaetoceros) and cyanobacteria (116 cells mL-1 mainly Anabaena sp.). One possible
explanation for the low algal numbers was the abundance of zooplankton, but the data is too sparse to
confirm whether zooplankton grazing was responsible for biological control of algal growth.
The location of saline intrusions is determined by the interaction of deeper saline groundwaters with
surface aquifers and surface vents. As a result some river reaches achieve significantly higher
salinities than others do before the intruding ground water is diluted. River flow plays a major role
both in diluting the saline inflows and in determining the volume of inflow caused by changes in
hydrostatic head. Turbidity changes in the weir pools at Bourke and at Weir 20A followed similar
patterns during 1994, but differed in 1995 (Figure 5.6). In both years there were long periods of noflow so that the two weirs had the potential to develop different characteristics dependent upon local
conditions. In November 1995, the turbidity in the Bourke Weir Pool was significantly lower than
that of Weir 20A (50 & 110 NTU respectively), due to the higher conductivity in Bourke Weir Pool
(800 µS cm-1 compared to 500 µS cm-1). The major saline intrusion downstream of Weir 19A is well
described, but the causes of the salinity changes in the weir pool at Bourke are uncertain.
In late 1995 when conductivity increased rapidly in the weir pool at Bourke the ëRiverwatchí
monitoring data showed a relatively constant conductivity value of ca. 250 µS cm-1 for the Barwon
River at Brewarrina, upstream of Bourke. The Bogan River, which enters the Barwon between
Bourke and Brewarrina, has a significantly higher median conductivity value than the Barwon River
(451 µS cm-1 cf. 298 µS cm-1)(Bek 1985), but only very small inflows from the Bogan River were
recorded after March 1995. This suggests a local origin for the high conductivity in the Bourke Weir
Pool, and the most likely explanation is saline groundwater intrusions under the low flow conditions.
Conductivity measurements taken 46 kilometres upstream from the Bourke Weir wall at ëTureeí have
shown that under relatively low flow conditions, the Darling River has a higher conductivity than the
Barwon, Bogan or Culgoa Rivers which flow into the Darling River upstream from ëTureeí. For
example, in June 1995, conductivity values for the Darling River at ëTureeí, the Barwon River at
Brewarrina, the Bogan River at Gongolgon Weir and the Culgoa River at ëKenebreeí were 940 µS
cm-1, 166 µS cm-1, 304 µS cm-1 and 90 µS cm-1 respectively. Saline groundwater intrusions in the
vicinity of ëTureeí would explain these observations.
One of the rate limiting steps in the impact of groundwater salinity on riverine salinity is the slow
mixing between the denser saline groundwater at the bottom of the river and the overlying water
column. Under normal flow conditions, the intrusion of saline groundwater through the riverbed is
limited by the hydraulic head of the overlying water column (Williams 1993), and any groundwater
that does enter the river will have a small effect due to large-scale dilution. The low (no) flow
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conditions observed during this study allowed pools of saline water to accumulate at the bottom of
the river. Mixing of the two layers was then induced by turbulence associated with the downstream
movement of the main water body, by wind action at the surface or by convective cooling. It is
probably local variations in these factors, along with differences in the extent of saline intrusions, that
causes the longitudinal differences that occur in conductivity and turbidity within the river.

5.7 Key points
•

Major saline intrusions into the Darling River downstream of Weir 19A are due to
incursions of naturally saline groundwaters. It is likely that saline intrusions also occur in
other locations.

•

The extent of saline groundwater intrusions is determined by river flow, and consequently
water abstraction can influence the impact of saline intrusions on water quality.

•

Several months of low flow are usually required to establish high salinity levels in the river.

•

A major effect of the saline groundwater intrusions is the coagulation and settling of
suspended particles with a consequent clarification of the water column. This reduction in
turbidity can enhance light penetration and may initiate increased algal growth.

•

The ionic species largely responsible for the coagulation and subsequent settling of particles
are the cations Mg+2 and Ca+2. The major anions in the saline intrusions are chloride and
sulfate.

•

The cation-induced clarification does not remove soluble phosphorus from the water.

•

High salinities can cause changes in algal speciation.
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Chapter 6 Nutrient availabilit y and phytoplankton growth
6.1 Introduction
A common strategy to try and control the occurrence of phytoplankton blooms is to reduce the nutrient
loads entering a water body so as to reduce the maximum algal biomass that can be supported.
However, this strategy only works if the nutrient management strategies employed have the capacity
to reduce nutrient levels adequately (Sas 1989). As nutrient reduction strategies are invariably
expensive and usually involve large-scale modifications to nutrient sources, it is essential that reliable
information is available on the likelihood of their success. This information needs to be based on
quantitative relationships between nutrients and phytoplankton growth. In particular, it is important to
identify nutrients that can be controlled and will limit the growth of phytoplankton.
If an essential nutrient is present at a limiting concentration when all other growth requirements are
adequate, then the phytoplankton growth rate will be reduced and controlled by the concentration of
the limiting nutrient. As the population of cells increases, more of the limiting nutrient becomes
incorporated within cells and less is available to support further growth. Provided that there is no
nutrient re-supply, the concentration of available nutrient in the water declines until eventually it is too
low to support any further increase in biomass and the population maximum is reached. The size of
the population maximum is determined by the yield, which is defined as the amount of cellular
material produced per unit of the limiting nutrient.
This simplified description suggests that if the amount of a limiting nutrient is measured prior to the
growth of the algal cells, and the yield is known, then it is possible to predict the maximum biomass of
the phytoplankton population that can be supported. This is the basis of the well known empirical
relationships between summer chlorophyll-a concentrations and the preceding total phosphorus
concentrations that have been demonstrated in a large number of lakes (Vollenweider 1968). In these
models, the chlorophyll-a concentration is used as an estimate of the phytoplankton biomass, and the
total phosphorus concentration is used as a measure of phosphorus reserves available to support cell
growth. The broad applicability of these relationships has demonstrated the key role of phosphorus in
determining the maximum biomass of phytoplankton that can be supported in waters where nutrient
limitation is the controlling determinant. However, these empirical models are not suitable in
environments where the biomass yield is limited by light or by nutrients other than phosphorus,
although similar models based on the appropriate limiting resource would be expected to apply in such
cases. The application of such models for predicting the outcome of nutrient reduction strategies
requires that the identity of the limiting resource is known.
Of the many nutrients required by phytoplankton, it is phosphorus and nitrogen that most frequently
seem to become limiting in inland waters (Hecky & Kilham 1988). Although nitrogen limitation is
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common in some inland aquatic environments, the empirical chlorophyll-phosphorus models are often
still successful in predicting the phytoplankton biomass maximum. This is because the initial nitrogen
limitation favours the growth of nitrogen fixing species that can utilise dissolved gaseous nitrogen and
so continue to grow even when combined inorganic nitrogen is unavailable. In these conditions the
orthophosphate concentration is reduced to limiting levels by incorporation into cell biomass, and the
population becomes phosphorus limited. The broad reliance of biomass yields on phosphorus
concentrations, even under situations of nitrogen limitation, suggests that limitation by other nutrients
and trace elements, although possible, is uncommon in inland waters. However, it should be noted
that this is not the case for marine and estuarine environments.
Although correlations between chlorophyll-a and total phosphorus concentrations have been described
for a broad range of lakes, and are surprisingly congruent for a one factor dependency, it is apparent
that a single empirical relationship will not adequately describe all situations. It is necessary to
develop and test specific relationships for particular sites, especially if environmental conditions differ
significantly between systems. Environmental factors of importance in modifying the total
phosphorus-chlorophyll models are light availability (Chapter 4) and the re-supply of nutrients from
sources such as the bottom sediments. In addition two major assumptions of the regression models
must be met. The obvious one is that phosphorus is the nutrient in shortest supply and determines the
final biomass of algae, but less obvious is the implicit assumption that total phosphorus measurements
provide a reliable estimate of the store of phosphorus available for phytoplankton growth.
Chlorophyll-phosphorus relationships have been developed for lakes and in general will not be
suitable for riverine systems, although in principle the same arguments with respect to nutrient
limitation can be applied. In a flowing river there is continuous inflow and outflow of new nutrients
and algae that makes it difficult to apply the simple loading models developed for reservoirs. When
flow rates are low rivers like the Darling may have conditions similar to lakes due to significant
impounding of water behind the weirs (Chapter 3), but even these rivers can also undergo rapid
changes in discharge, making it difficult to apply simple loading models. In riverine environments,
other means must be used to assess the impact of nutrient conditions on the growth of phytoplankton.
Nutrient limitation of phytoplankton growth has been investigated in a variety of ways but the
methods fall generally into three main categories. In the first category, the potential for nutrient
limitation is estimated from analyses of the quantities of nutrients in the water and an assessment of
the average nutrient requirement of phytoplankton cells. In theory, chemical analysis can indicate if a
nutrient concentration is sufficiently low to limit phytoplankton growth, but in practise these low
concentrations cannot be measured reliably. Alternatively, by comparing the relative quantities of
major nutrients with the average requirements of the phytoplankton cells, the nutrient in shortest
supply can be identified, assuming no other source of nutrients than the one measured. This approach
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has led to the wide use of nutrient ratios to identify the nutrient that will be exhausted first as a result
of phytoplankton growth (Hecky & Kilham 1988).
In the second category of methods, algal growth bioassays are used to determine the nutrient in
shortest supply. By measuring the capacity of a sample to support algal growth, and comparing the
responses with and without additional nutrients, growth bioassays provide an estimate of the relative
quantities of nutrients in the sample that are available to support algal growth. However, extrapolation
of the incubation results back to field conditions is difficult because the samples are isolated in culture
vessels, separating the algae from potential sources of nutrient re-supply, such as the bottom
sediments.
In the third category, physiological indicators of the health of phytoplankton cells are used to
determine if nutrients are currently limiting cell growth. This approach offers an immediate estimate
of the nutrient status of cells as they exist in the environment. However, being short term
measurements they require extensive repetition through time to ensure that nutrient limitation is
ongoing. A major advantage of the physiological assays is that they can indicate immediate nutrient
limitations effecting cell growth.
These various approaches to investigating nutrient conditions are not equivalent and provide different
information on the characteristics and the impact of any nutrient limitation. This chapter reports the
use of all three approaches to investigate the roles of nitrogen and phosphorus in influencing the
growth of cyanobacteria in the Bourke Weir Pool. One important objective of this study was to assess
the likelihood that reducing phosphorus loads to the Darling River system can control algal growth.

6.2 Concentrations and ratios of total phosphorus and total nitrogen
Total phosphorus and total nitrogen concentrations measured in the ëRiverwatchí monitoring program
provide an overview of major nutrient fluctuations and their ratios in the Darling River for the period
of the project (Figure 6.1a & b). Concentrations varied widely with total phosphorus ranging between
40 and 450 µgP L-1 and total nitrogen ranging between 200 and 1500 µgN L-1. Similarities observed
in the patterns of changing concentrations for the two elements is the result of their responses to flow.
Both elements increased in response to high flows and decreased when flow declined (Figure 6.1a).
Total nitrogen and total phosphorus concentrations were weakly correlated with turbidity at levels less
than ca. 250 NTU, and were independent of turbidity at levels greater than ca. 350 NTU (Figure 6.2).
Particularly high turbidities and maximum total phosphorus concentrations were associated with major
flows but differed depending on the tributary contributions (Figure 6.3). When the Culgoa
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Figure 6.1 (a) Changes in total nitrogen concentration (
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River comprised a major component of the flow, increases in turbidity were proportionately much
higher than increases in the total phosphorus concentration (Figure 6.3). During the period June to
December 1994, when discharge was low and turbidity was declining in response to increasing
conductivity (Figure 4.5 & 4.6a), total phosphorus and turbidity were closely associated and declined
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Figure 6.2 A scatterplot of the association of total phosphorus and total nitrogen concentrations with
turbidity.
at similar rates (Figure 6.3). However, such close associations were not always obvious. During July
to September 1995 when discharge was reduced and turbidity declined in response to increasing
conductivity (Figure 4.5 & 4.6a), the turbidity declined more rapidly than the concentration of total
phosphorus (Figure 6.3).
Total nitrogen concentrations also fluctuated in response to changes in discharge (Figure 6.3) but
maximum concentrations did not seem to be strongly influenced by the tributary source (Figure 6.4).
The relative increase in total nitrogen due to increased discharge was smaller than the proportional
increase in the total phosphorus concentration, and the total nitrogen concentration declined more
slowly as discharge was reduced (Figure 6.1a). As a result the mole ratio of total nitrogen to total
phosphorus (TN:TP) declined in response to a flow event and increased with time as discharge fell
(Figure 6.1b). The TN:TP ratio oscillated in a range between 4 and 25 but was generally less than 15,
the ratio below which nitrogen is interpreted as being in shortest supply compared to the average
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Figure 6.4 Discharge in the Darling River (
Culgoa River (
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) at Bourke Weir Pool.

requirements of the phytoplankton (Hecky and Kilham 1988). As a consequence of the influence of
discharge on the total nitrogen and total phosphorus concentrations, the large populations of
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cyanobacteria that generally developed during periods of reduced flow, were associated with
minimum concentrations of total nitrogen and total phosphorus (Figure 6.5a), but with periods of
increased TN:TP ratios (Figure 6.5b). The high TN:TP ratios suggest that phosphorus is in limiting
supply rather than nitrogen. This appears contrary to the widely held view that blooms of nitrogen
fixing cyanobacteria such as Anabaena circinalis, which commonly dominates blooms in the Darling
River, are advantaged by low nitrogen concentrations and consequently low TN:TP ratios. However,
the interpretation of nutrient ratios based on total nutrient concentrations can be misleading if a
nutrient occurs in a variety of forms and some of these are not accessible by the algae. The
interpretation of nutrient ratios and nutrient concentrations may change when the algal-available forms
of nutrients are considered.

6.3 Different forms of phosphorus and cyanobacterial blooms
Algae cannot directly utilise all the forms of phosphorus that occur suspended or dissolved in water.
In general, algae take up dissolved orthophosphate and it is the concentration of this component that
determines the algal growth rate. However, the maximum algal biomass that can be supported by the
total quantity of phosphorus present is dependent on the amount of orthophosphate that becomes
available to the cells as they grow. This quantity includes not only the dissolved component that is
directly available for incorporation into cells, but also a component adsorbed to suspended particles
that can move into solution as the algae take up the dissolved form (Figure 6.6).
P
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Figure 6.6 Illustration of the interactions between dissolved orthophosphate, particles and algae in the
water column.
To better describe the forms of phosphorus present to immediately stimulate algal growth and to
support biomass accumulation, the total phosphorus was fractionated into two components:
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forms of phosphorus of less than 10,000 molecular weight in size (nominally containing
particles <0.003 µm in diameter) and providing an estimate of dissolved orthophosphate and;

(ii)

desorbable phosphorus which includes the <0.003 µm fraction plus any phosphorus weakly
attached to the surfaces of suspended particles but released into solution and available to
support algal growth.

Orthophosphate concentrations were measured using the ascorbic acid method (APHA 1995) and total
phosphorus was measured as the orthophosphate concentration in samples following alkaline
persulfate digestion (Hosomi & Sudo 1986). Filtrates from a 10,000 molecular weight filter
(nominally 0.003 µm ) were obtained using tangential flow filtration or standard vacuum filtration
techniques. Desorbable-phosphorus was measured with iron oxyhydroxide coated filter paper strips
using a modification of the method described by Van der Zee et al. (1987). It has previously been
demonstrated that the quantity of iron-desorbable phosphorus is of the same magnitude as the
phosphorus available to support the algal biomass (Oliver 1993).
During each of the field trips, measurements were made on a range of sites, but only the results
obtained for samples from the weir pool at Bourke are presented (Figure 6.7). Total phosphorus
concentrations varied from 50 to 300 µg P L-1 while <0.003 µm filterable phosphorus reached
minimum values of ca. 5-10 µg P L-1 and a maximum of 120 µg P L-1. At times the <0.003 µm
filterable phosphorus comprised up to 50% of the total phosphorus concentration in the weir pool
(Figure 6.7). Concentrations of desorbable phosphorus were equivalent to the < 0.003 µm filterable
phosphorus on half the occasions shown in Figure 6.7, indicating that at these times suspended
particles were not a source of phosphorus for the algae. At other times the desorbable phosphorus
concentration was substantially larger than the <0.003 µm filterable phosphorus concentration, and the
suspended particles were a significant source of phosphorus. For example, on the 3rd June 1994 the
desorbable fraction was 175 µg P L-1 exceeding the 114 µg P L-1 in the <0.003 µm fraction by 60 µg P
L-1. On the 7th November 1995 the desorbable phosphorus concentration was 16 µg P L-1 while the
filtered fraction was ca. 5 µg P L-1. In this case the exchangeable phosphorus supply was twice that of
the dissolved form.
These two components of the total phosphorus concentration are detailed in Figure 6.8, for each field
sampling in conjunction with the ëRiverwatchí monitoring data for total phosphorus concentration.
Figure 6.8 also shows changes in cyanobacterial numbers and two bloom periods when phosphorus
components were measured, one in December-January 1994/5 and a second in December-January
1995/6. Unfortunately, it was difficult logistically to match the field trips with the rapidly changing
conditions and no detailed measurements were made at the peak of either cyanobacterial bloom. The
collapse of the first bloom (December-January 1994/5) was not associated with an increase in
discharge, and provided an opportunity to assess the nutrient conditions at the time of the population
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demise. One field trip was made a week prior to the peak of the bloom, and a second visit occurred
towards the end of the population collapse, two days after commencement of a small flow into the
weir. It would have been preferable to take measurements at the peak of the bloom to assess the
impact of nutrients on cell growth, but interpretation of the collected data still provides insight to the
role of phosphorus in controlling the magnitude of the bloom.
Table 6.1 Concentrations (µg N or µg P per litre) of total phosphorus (TP), desorbable phosphorus
(DP), <0.003 µm filterable phosphorus (FP), total nitrogen (TN), ammonium (NH4) and
inorganic oxides of nitrogen (NOx) and peak cyanobacterial numbers in cells mL-1 (Cyano)
during two periods of cyanobacterial blooms.
1994/95

Bloom

Date

TP

DP

FR

TN

NH4

NOx

13/12/94

82

23

20

667

9

34

21/12/94

NA

NA

NA

18/1/95

76

12.9

16

785

9

10

1995/96

Bloom

4/12/95

83.5

NA

4.7

1088

108

6.3

Cyano
9.2x104

15x104
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On the 13th December 1994, prior to the population peak, the total phosphorus concentration of 82 µg
P L-1 contained 23 µg P L-1 of desorbable phosphorus and a similar concentration of <0.003 µm
filterable phosphorus. This indicates that the suspended particles had little attached phosphorus in
forms that could buffer the dissolved component (Table 6.1, Figures 6.7 & 6.8). The bloom reached a
peak of 9.2 x 104 cells mL-1 on 21st December 1994. The next field trip was on the 18th January 1995
during the collapse of the bloom, when the concentration of total phophorus was 76 µg P L-1, similar
to the concentration prior to the bloom peak. The desorbable and filterable phosphorus
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Figure 6.8 Changes in the concentration of total phosphorus measured in the ëRiverwatchí
monitoring program (bars) and in the project ( ), compared with the
desorbable phosphorus concentration ( ), the <0.003 µm filterable phosphorus
concentration ( + ) and cyanobacterial cell numbers (
).
concentrations were still of similar magnitude to each other but at ca. 15 µg P L-1, they were slightly
lower than the concentrations measured prior to the bloom (Figure 6.7 & 6.8). These data suggest that
there were still significant concentrations of available phosphorus during the bloom and that its demise
was due to factors other than phosphorus limitation.
The cyanobacterial bloom of December-January 1995/6 was washed out by an increase in discharge
on the 6th December 1995 (Figure 3.1). A sample taken just prior to this event, on the 4th December
1995 when the cell concentration was 15 x 104 cells mL-1, had a total phosphorus concentration of 83.5
µg P L-1 but a <0.003 µm filterable phosphorus concentration of only 5 µg P L-1 (Table 6.1, Figure
6.7). For the three sampling occasions prior to this date, commencing on the 7th November 1995, the
dissolved component fluctuated between 5 and 8 µg P L-1 while the concentration of total phosphorus
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increased from 45 to 84 µg P L-1 (Figure 6.7). The increase in the total phosphorus concentration
without change in the dissolved concentration suggests a supply of phosphorus to the water column
from an external source, probably the bottom sediments. The external supply maintained the dissolved
available phosphorus concentration at a low value of ca. 5 µg P L-1, but the increase in the total
phosphorus in the water column suggests a significant movement of phosphorus through the dissolved
orthophosphate component into the increasing algal biomass (Figure 6.5a & 6.6). The implication of
this interpretation is that the bottom sediments can be an important source of phosphorus to the algae.
The data also indicates that dissolved phosphorus concentrations in the water column were low and
consequently the size of the bloom was determined by the amount of phosphorus supplied from the
external source. Without the re-supply of nutrient from the sediments it appears that phosphorus would
have limited algal growth.

6.4 Different forms of nitrogen and cyanobacterial blooms
Total nitrogen concentrations were separated into three components:
(i)

the concentration of inorganic oxides of nitrogen (predominantly nitrate) that pass through a
0.003 µm filter;

(ii)

the concentrations of ammonia after passage through a 0.003 µm filter and;

(iii)

the remainder of the total nitrogen which was considered to be organic, particulate nitrogen.

Total nitrogen concentrations were analysed after alkaline persulfate digestion and cadmium reduction
using the NEDH-sulfanilimide method (APHA 1995). The same analysis, but without prior digestion,
was used on filtered samples for measuring inorganic oxides of nitrogen (NOx). Ammonium
concentrations were measured using the alkaline phenate method (APHA 1995). The data on these
components in the Bourke Weir Pool are shown in Figure 6.9. They indicate a great deal of variation
in both their magnitude and relative sizes and can be compared with changes in phosphorus
components for the same dates (Figure 6.7). In all cases, the bulk of the total nitrogen concentration
was comprised of particulate organic material, even at times of low phytoplankton populations. On
some occasions, the nitrogen oxides were below the limit of detection while at other times ammonia
was not detectable. On two occasions, the 18th January 1995 and the 1st December 1995, neither of
these forms of nitrogen were present in measurable quantities.
Measurements of nitrogen components were compared to the ëRiverwatchí monitoring data for total
nitrogen, the cyanobacterial numbers (Figure 6.10) and matching data on the phosphorus components
(Figures 6.8). Because of the sampling regime, the nitrogen measurements did not capture the biomass
peaks of the two major cyanobacterial blooms, but the dissolved forms were at a minimum on both
these occasions (Figure 6.9 & 6.10). Measurements made on 13th December 1994, just prior to the
biomass peak of December-January when the total nitrogen concentration was 667 µg N L-1, indicated
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an ammonium concentration of 9 µg N L-1 and an oxidised nitrogen concentration of 34 µg N L-1
(Table 6.1). During the demise of the bloom in January 1995, after a small inflow to the weir pool, the
total nitrogen concentration was 785 µg N L-1, ammonium was still 9 µg N L-1 and oxides of nitrogen
had been reduced to 10 µg N L-1 (Table 6.1). In this case, although there had been no increase in the
total phosphorus concentration of the water column, the total nitrogen concentration had increased
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Figure 6.9 Concentration of total nitrogen (full height of bar), organic nitrogen (
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) for selected dates at Bourke Weir Pool.

significantly. It is probable that nitrogen fixation by the blue-green alga Anabaena sp. was responsible
for this increase. Horne and Commins (1987) reviewed the literature on laboratory and field
measurements of nitrogen fixation and concluded that inorganic nitrogen concentrations need to fall
below 50-100 µg L-1 for the nitrogen fixing enzyme nitrogenase to become active. Concentrations in
the Darling River were less than this supporting the suggestion that nitrogen fixation was occurring.
On the 4th December 1995, just prior to the increase in discharge that removed the 1995/6 bloom, the
total nitrogen concentration of 1088 µg N L-1 contained 108 µg N L-1 as ammonia and 6 µg N L-1 as
oxides of nitrogen (Table 6.1). These concentrations are not likely to limit algal growth and will
probably inhibit the nitrogen fixation rate of cyanobacteria by providing a ready supply of inorganic
nitrogen. It was during this period that the total phosphorus concentration increased suggesting resupply from the bottom sediments as discussed in Section 6.3.
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6.5 Nutrient ratios, growth bioassays and physiological assays
It would appear from the component analyses for both total nitrogen and total phosphorus that at times
a large proportion of each element is in particulate form and not readily available to the algae. When
this is the case the ratios of total concentrations (TN:TP) will not describe the relative availability of
the two elements and it may be more appropriate to use ratios of components that the phytoplankton
are able to access. A comparison of ratios for dates over the period of the 1994/95 and 1995/96
blooms demonstrates this problem (Table 6.2).
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Figure 6.10 Changes in the concentration of total nitrogen measured in the monitoring program (bars)
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The total nitrogen to total phosphorus ratios (TN:TP) suggest that for both blooms nitrogen was the
element in shortest supply both prior to the appearance of the cyanobacteria and after their demise,
while just prior to the peak biomass and during the initial population decline, phosphorus was most
likely to be limiting (Table 6.2). This alternating TN:TP pattern was expected from the influence of
flow on this ratio (Figure 6.1b). As cyanobacterial blooms occur during periods of reduced flow they
are inevitably associated with high TN:TP ratios, but this may not properly indicate their nutrient
status. The nutrient limitation identified from the TN:TP ratio is not in accord with analyses in
Sections 6.3 and 6.4 based on changes in concentrations of various forms of nitrogen and phosphorus,
from which it appeared that nitrogen limitation was more likely during the first bloom and phosphorus
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limitation more likely during the second bloom (Table 6.2). These comparisons illustrate the
unreliability of TN:TP ratios for identifying the nutrient in limiting supply.
The ratio of more accessible forms of nutrients can be calculated by comparing dissolved inorganic
nitrogen (DIN) with either the <0.003 µm filtered phosphorus (FP), or the desorbable phosphorus
(DP). These calculations suggested that nitrogen was in shortest supply over the period of the 1994/95
bloom (Table 6.2), as predicted from alterations in concentrations of nutrients. In contrast, during the
1995/96 bloom (Table 6.2) the ratio between <0.003 µm filterable inorganic nitrogen and
Table 6.2 Identity of the nutrient in limiting supply over two periods of cyanobacterial blooms
determined from mole ratios of (i) total nitrogen and total phosphorus (TN:TP); (ii)
dissolved inorganic nitrogen (DIN = NOx+NH4) and desorbable phosphorus (DP); (iii) DIN
and <0.003 µm filterable phosphorus; for comparison with the the limiting nutrient
identified in algal growth bioassays.

Date

TN:TP

DIN:DP

DIN:FP

BIOASSAY

12/10/94

N

N

N

N

13/12/94

P

N

N

N

Peak of
cyanobacteria
population

Peak

18/1/95

P

N

N

N

20/6/95

N

N

N

N

7/11/95

N

N

P

P

29/11/95

P

N

P

N&P

1/12/95

P

N

N&P

4/12/95

P

P

N&P

6/12/95

P

N

Peak

<0.003 µm filterable phosphorus suggests an alternation between nitrogen and phosphorus limitation
with phosphorus limitation in the sample from 4th December 1995, which was the last sample before
the bloom was washed out by increased discharge on the 6th December 1995 (Table 6.2). Again this
interpretation supports the results based on the analyses of nitrogen and phosphorus forms in Section
6.3 and 6.4.
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These samples were also tested for their nitrogen and phosphorus status using algal growth bioassays.
The bioassays were performed in triplicate on raw water samples without prior filtering, so that the
natural phytoplankton community provided the initial algal inoculum. Sub-samples were enriched
with either nitrate, phosphate or both these nutrients to test for nitrogen or phosphorus limitation. The
algal biomass that developed in each flask was estimated using measurements of chlorophyll-a
fluorescence and the maximum biomass compared between the treatment flasks and also with a set of
control flasks that contained only the natural water sample. The results from the bioassays supported
those from the nutrient ratios calculated from the more accessible forms (DIN, DP or FP) (Table 6.2).
The bioassays indicate that nitrogen was in limiting supply during the 1994/5 bloom, while during the
1995/6 bloom, both nitrogen and phosphorus were at concentrations where either could have been in
shortest supply and the bioassays could not clearly distinguish between them (Table 6.2).
Nutrient ratios and bioassays attempt to identify the nutrient that will eventually become limiting as a
result of incorporation into phytoplankton biomass. Neither technique provides a good indication of
whether the cells have an existing nutrient limitation at the time of sampling, although a lack of
growth in the bioassay control flasks can be indicative of this. To demonstrate the occurrence of an
existing limitation, nutrient induced transients in chlorophyll-a fluorescence (Nutrient Induced
Fluorescence Transients (NIFT)) were used as a physiological indicator of nutrient limitation (Wood
& Oliver 1995). The NIFT assay was used on each of the field trips to assess the nutrient status of
phytoplankton cells from the Bourke Weir Pool. It indicated that the cells were never immediately
nutrient limited at the time of sampling (data not shown). It is unfortunate that the timing of field trips
did not allow for these tests to be carried out at the peak of the bloom when nutrient limitation may
have been evident.

6.6 Discussion
Nutrient concentrations and nitrogen to phosphorus ratios were used in an attempt to identify the
nutrient limiting phytoplankton growth in the weir pool at Bourke during two major cyanobacterial
blooms. The results of these analyses were compared with the outcomes of algal growth bioasasys
and physiological bioassays (Table 6.2).
In the 1994/5 bloom, phosphorus concentrations did not reach levels that would be considered
limiting, and all nutrient ratio calculations, except the ratios of total nutrient concentrations (TN:TP),
suggested that nitrogen was in limiting supply. As would be expected if phosphorus was not limiting
in the water column, the total phosphorus concentration did not increase with phytoplankton
concentration but the total nitrogen concentration did. This suggests that the Anabaena spp. that
formed the bloom were fixing nitrogen and this caused the increase in total nitrogen concentration.
The cyanobacterial population was not washed out by an increase in discharge and appears to have
collapsed of its own accord. Several possibilities can be suggested for the population demise. It
seems unlikely that nitrogen would limit the growth of Anabaena, but it is possible that a reduction in
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the availability of light energy or inorganic carbon curtailed the ability of the cells to fix adequate
amounts of nitrogen. It is also possible that at the peak of the bloom phosphorus re-supply was
insufficient to maintain the population and phosphorus limitation occurred, but the data gathered is not
detailed enough to determine this. Physiological assays could have provided such information but
unfortunately samples were not taken from the peak of the bloom and so the control of the biomass
maximum cannot be directly related to the availability of nitrogen or phosphorus.
Nitrogen fixing organisms such as Anabaena can overcome a shortage of inorganic nitrogen and might
be expected to have their growth limited eventually by phosphorus. During the bloom in 1995/6 there
were indications that phosphorus supply was controlling the biomass increase. At this time filterable
phosphorus concentrations were reduced to very low levels (Figure 6.7 & 6.8) yet the total phosphorus
concentration in the water increased as the phytoplankton numbers increased. These results suggest
that the bottom sediments were supplying an additional source of phosphorus. The population decline
of the 1995/6 bloom appeared to be due to an increase in discharge rather than nutrient limitation
(Figure 3.1).
In both these blooms the ratios of total nitrogen and total phosphorus (TN:TP) concentrations were not
reliable for assessing relative nutrient availability. Ratios of dissolved inorganic nitrogen (DIN) and
desorbable or filterable forms of phosphorus (DP or FP) were better indicators. They were consistent
with growth bioassay results that suggested nitrogen was in short supply during the bloom in 1994/5,
but that nitrogen and phosphorus availability was finely balanced during the bloom in 1995/6.
Somewhat surprisingly, in view of the high total nutrient concentrations observed in the Darling River,
the available forms of phosphorus and nitrogen where significantly reduced in concentration during
cyanobacterial blooms so that nutrient limitation was a possibility. The fact that dissolved nutrients
could be reduced to limiting levels holds out some hope that a reduction in loads of available forms of
phosphorus may lead to a reduction in the intensity of cyanobacterial blooms. It is unlikely that
blooms could be totally removed by controlling nutrient loadings alone, as this would require large
reductions. But by combining nutrient reduction with other factors that influence bloom activity
significant decreases in bloom occurrences should be possible. One clear strategy to reduce the
severity of cyanobacterial blooms is to combine nutrient reductions with improved management of
flow (Chapters 3 & 4). But more subtle interactions may occur as a result of nutrient manipulations.
Reductions in available phosphorus may reduce the likelihood of nitrogen limitation and provide less
of an advantage to the nitrogen fixing cyanbacteria. If this led to dominance by other algal species
then blooms of cyanobacteria would decline in frequency and intensity.
Occasionally it was observed that the phosphorus concentration changed independently of turbidity,
even though the majority of the phosphorus was associated with suspended particles. This is
illustrated by their decline in mid-1995 (Figure 6.3) when a rapid reduction in turbidity due to an
increase in conductivity (Figure 4.6b) was not matched by a similar decline in the total phosphorus
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concentration. These results may indicate that the dissolved and particulate phosphorus components
are at times poorly connected and this has important implications for amelioration techniques aimed at
reducing phosphorus loads to control algal growth. Although the largest phosphorus component is
that associated with suspended particles, it is unclear whether the readily exchangeable fraction of the
particle bound phosphorus was attached originally to the soil particle and arrived with it, or whether
this association occurred later. Because of this it is also unclear whether the ì dissolvedî phosphorus
in the river has been derived from the phosphorus associated with soil particles or whether the
dissolved and exchangeable phosphorus has arrived separately to the particles and from some other
source. The significance of this difference is that it will determine the importance of different nutrient
reduction strategies. Efforts to control nutrient sources that are suspected of containing forms of
phosphorus readily available to algae, including sewerage treatment plant effluent, fertiliser, stock
sewage and irrigation return drains, will depend in part on the degree to which phosphorus that is
naturally associated with particles becomes available to the algae. If the phosphorus that is naturally
associated with suspended particles as they move from the landscape becomes predominantly
available to the algae then controls on the phosphorus loads due to accelerated diffuse transport of
native phosphorus sources will be of greatest importance. Conversely, if much of the phosphorus that
is naturally bound within the soil particles remains unavailable to algae, then improved controls on
sources of readily available phosphorus will have major benefits. This problem is addressed further in
the next chapter.

6.7 Key points
•

Concentrations of total phosphorus (TP) and total nitrogen (TN) are high in the Darling River at
Bourke.

•

Total phosphorus and total nitrogen concentrations fluctuated in response to changes in discharge,
increasing when flows increased and declining when flows decreased.

•

The ratio of total nitrogen to total phosphorus (TN:TP) also varied in response to flow, declining
during high flows and increasing during low flows.

•

As a consequence of flow induced changes in the TN:TP ratio, cyanobacterial blooms of nitrogen
fixing Anabaena which usually occur when flow is low were associated with high TN:TP ratios.
This appears contrary to the general view that nitrogen fixers are selected for by low TN:TP ratios
that are indicative of reduced supplies of nitrogen.

•

For much of the time a large proportion of both the total nitrogen and the total phosphorus was in
particulate form and unavailable to the algae.

•

By measuring forms of phosphorus and nitrogen available to the algae an improved understanding
was obtained of the nutrient dynamics during the 1994/5 and 1995/6 blooms of Anabaena. In the

6-18

Chapter 6

Nutrient availability and phytoplankton growth

first period nitrogen became limiting and nitrogen fixation occurred while in the second bloom it
was more likely that phosphorus was limiting the population.
•

Phosphorus limitation of algal growth could not be directly demonstrated during the major
cyanobacterial blooms even when biomass increases depended on re-supply of phosphorus to the
water column from the bottom sediments.

•

The low concentrations of available nutrients observed during the cyanobacteria blooms suggest
that nutrient limitation of growth is possible. A reduction in the phosphorus load could lead to a
reduction in cyanobacteria blooms but this will depend on the extent of phosphorus re-supply from
stores in the bottom sediments. Reductions in available phosphorus may reduce the likelihood of
nitrogen limitation and provide less of an advantage to the nitrogen fixing cyanbacteria. If this led
to dominance by other algal species then blooms of cyanobacteria would decline in frequency and
intensity.

•

The major sources of algal available phosphorus could not be identified from the nutrient analyses.
If the phosphorus that is naturally associated with suspended particles as they move from the
landscape becomes predominantly available to the algae then controls on the phosphorus loads due
to accelerated diffuse transport of native phosphorus sources will be of greatest importance.
Conversely, if much of the phosphorus that is naturally bound within the soil particles remains
unavailable to algae, then improved controls on sources of readily available phosphorus, including
sewerage treatment plant effluent, fertiliser, stock sewage and irrigation return drains, will have
major benefits.
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Chapter 7 Interactions between phosphorus and suspended and
bottom sediments, and the fate of phosphorus released
from a sewage treatment plant
7.1 Introduction
In Chapter 6 it was suggested that the amount of algal biomass that develops under favourable growth
conditions is often regulated by the quantity of phosphorus available to the cells. Measurements of
bioavailable phosphorus indicated that an important source of this nutrient for algae could be particlebound phosphorus. This chapter further investigates various aspects of the interactions between
phosphorus and particles and in particular the distribution of phosphorus between dissolved and
particle-bound forms as depicted in Figure 7.1.The rectangle in Figure 7.1 represents all potential sites
on a particle that are available for phosphorus binding. The shaded areas of the rectangle indicate the
binding sites occupied by phosphorus while the white area represents sites still available for

Particle-Bound P
-1
(µg g dry weight)

phosphorus binding.

Sorption Capacity, Pm

Total Particle Bound P

Exchangeable P, Pex
Tightly-bound
(non-exchangeable) P

Figure 7.1 Terms describing the distribution of phosphorus on particles.
The total amount of phosphorus bound to particles can be broadly divided into two components,
exchangeable phosphorus (Pex(sorbed)) and non-exchangeable phosphorus (Figure 7.1). The
distinction between the two forms is operationally based on whether the bound phosphorus will
undergo sorption/desorption processes and move into, or out of solution, on a time scale of days. This
definition was chosen to estimate the amount of phosphorus that could be released from particles in a
time frame suitable for algal growth requirements (cell doubling times typically 2 to 3 days).
Consequently, one estimate of the ‘bioavailable’, or algal available phosphorus, in the water is the
sum of the phosphorus in the nominally dissolved phase plus the phosphorus that may desorb from
particles in an appropriate time. The sorption capacity of the particles (Pm) is defined as the maximum
amount of exchangeable phosphorus that can adsorb onto particles. This has been operationally
defined for the purposes of this discussion as the maximum amount of phosphorus that adsorbs to
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particles over the time scale of adsorption-desorption experiments, which were usually of 24 hours
duration.
In general, sorption over a period of minutes to hours occurs by phosphorus binding to surface sites on
the particles. Much slower processes, requiring periods of days to months, involve the diffusion of
phosphorus from the surface to the interior of the particle, and sometimes also include incorporation
of the phosphorus into different chemical compounds. Both these processes transform the phosphorus
from exchangeable to non-exchangeable forms and hence make it less available to algae. In addition,
the uptake and sequestering of phosphorus by microbial organisms attached to the particles will also
be involved in phosphorus removal from the surrounding water.
Figure 7.2 depicts a conceptual model for the composition of suspended particles from the Darling
River. A coating of oxidised amorphous iron surrounds a central mineral core comprised largely of
illite, kaolinite and montmorillonite. This coating results in a nett positive surface charge on the
particles (δ+) and this attracts negatively charged natural organic matter (NOM) that competes with
orthophosphate (HPO42-and H2PO4-) for the iron binding sites on the particle surface. Epifluorescent
microscopy has demonstrated the presence of bacteria and other micro-organisms attached to the
particles and these will also accumulate phosphorus.

δ−

δ−

δ−

δ+

Hydrous Iron
Oxide Coating
(Amorphous)
2-

Natural
Organic
Matter
(NOM)

HPO4
δ+

δ−

NOMδδ+

δ−

δ−
δ−

δ−

δ−

Mineral Core
- montmorillonite
- illite
- kaolinite

Figure 7.2 A conceptual model for the interaction of natural organic matter (NOM) and phosphate
with riverine particles.

7.2 Rate of phosphorus desorption from suspended particles
Figure 7.3 illustrates the equilibrium that can occur between the exchangeable phosphorus bound to
particles and the phosphorus in the dissolved phase that is capable of binding to particles. The total
exchangeable phosphorus in the sample (TPex) is the sum of the sorbed (Pex(sorbed)) and dissolved
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concentrations (Pex(soln)). Pex(soln) is determined as the analytically reactive phosphorus present in a
sample after passage through a filter of a given pore size. In this instance 0.003µm and 0.2µm filters
were used. This component is generally designated filterable reactive phosphorus (FRP) and the two
terms are used interchangeably in this section. The equilibrium shown in Figure 7.3 can be described
by the distribution coefficient Kd (Kd = Pex(sorbed)/Pex(soln) ) which is the ratio of the quantity of
exchangeable phosphorus that is attached to the particles with that in solution.
The rate at which phosphorus desorbs from particles will determine whether particle-bound
phosphorus can provide a potentially useable source for algal growth. If the rate of desorption is
much slower than the algal growth rate, then Pex(sorbed) will not be an important phosphorus source
as it cannot be supplied quickly enough to the water on exhaustion of FRP by algal uptake.
Conversely, if desorption is faster than, or equivalent to the phosphorus depletion due to algal growth,
then Pex(sorbed) must be considered a part of the total pool of immediately available phosphorus.

Sorption
Capacity, Pm

Pex (sorbed)
Pex (soln)
TPex = Pex (sorbed) + Pex (soln)

Figure 7.3 A model of the equilibrium between sorbed and dissolved concentrations of exchangeable
phosphorus.
In Chapter 6, a phosphorus desorption method was described that uses iron coated filter paper strips to
determine the amount of bio-available phosphorus in water samples. This method can also be used to
estimate the rate at which phosphorus desorbs from suspended particles (Oliver 1993). To do this, the
iron strips are withdrawn from water samples over a series of time periods and the amount of
phosphorus bound to the strips determined. This procedure was applied to four different samples
collected from the Bourke Weir Pool. Figure 7.4 plots the extent of phosphorus removal over 5 hours
contact time with the iron strips.
In all four samples, at least 60% of the phosphorus available for binding to the iron strips is taken up
within the first 10 minutes and at a similar removal rate (Figure 7.4). This rapidly adsorbed
phosphorus is considered to be the phosphorus in solution (Pex(soln)) that is immediately available to
algae. The slower rate of removal of TPex following the initial rapid phase, is attributed to the slow
rate of desorption of phosphorus from suspended particles (Oliver 1993) and differs considerably
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Figure 7.4 The rate of phosphorus desorption from Darling River samples from Bourke Weir Pool.
between samples. The October 1994 sample shows >95% phosphorus removal after only 20 minutes,
whereas 3 hours contact with the iron strips was required to remove 90% of the phosphorus from the
June 1994 sample (Figure 7.4).
The distribution of TPex into sorbed phosphorus (Pex(sorbed)) and FRP<0.003 µm (the reactive
phosphorus that passes through a filter of 0.003 µm pore size) is shown along with turbidity
measurements for these samples in Table 7.1. The TPex concentration was estimated as the highest
desorbed phosphorus concentration determined during the iron-strip extraction time of 36 hours. The
last line of Table 7.1 shows that at least 65% of the TPex in each sample was in the dissolved phase.
Similar phosphorus distributions for a wider range of samples is shown in Figure 6.7, but estimates of
desorption rates were only carried out on the four samples reported here.
Table 7.1 Turbidity and the distribution of exchangeable phosphorus for Darling River samples taken
from the Bourke Weir. Total exchangeable phosphorus concentration TPex, equals
dissolved component FRP<0.003µm, and a particle sorbed component Pex(sorbed).
Dec 1993

Feb 1994

Jun 1994

Oct 1994

98

59

350

48

72

51

176

77

51

41

114

67

Pex (sorbed) (µg L )

21

10

62

10

% of TPex as FRP

71

80

65

87

Turbidity (NTU)
TPex (µg L-1)
-1

FRP (<0.003 µm) (µg L )
-1
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A comparison of the turbidity measurements and Pex(sorbed) concentrations in Table 7.1 suggests a
proportionality between them. The particularly high Pex(sorbed) concentration that was observed in
the June 1994 sample is associated with a greater suspended particle load than in the other three
samples with a turbidity of 350 NTU compared to a maximum turbidity of 98 NTU respectively. This
sample showed the slowest percent removal rate of Pex(sorbed) (Figure 7.4), corresponding to the
removal of 62 µg L-1 from particles. In contrast, the other three samples required removal of, at most,
21 µg L-1 (Table 7.1). However, if the percent removal rate of Pex(sorbed) was simply dependent upon
the amount of phosphorus on the particles, then the December 1993 sample should have a slower
removal rate than the October 1994 sample. Figure 7.4 shows that the converse is true, the percent
removal rate for the 10 µg L-1 of Pex(sorbed) in the October 1994 sample is almost as slow as the June
1994 sample, despite a six-fold difference in the adsorbed phosphorus concentration (Table7.1).
Several factors may be contributing to these processes:
(i)

Energetics of the phosphorus adsorption/desorption process will determine the rate of
phosphorus release. These energetics are dependent upon many factors, including the mode
of binding of the Pex(sorbed) to the particle, the presence of competing species, for example
natural organic matter (NOM), and the surface charge of the particle;

(ii)

There may be differences in the phosphorus species that constitute the TPex in the four
samples. The rate of desorption from the particles and subsequent adsorption to the iron strips
will almost certainly depend upon the nature of the phosphorus entity;

(iii)

The behaviour of the iron-strips may be influenced by other interactions with the sample
matrix. For example, adsorption of NOM may inactivate binding sites on the strips.

Several of these factors are considered in the following sections. However, irrespective of the
differences shown in the TPex removal rate, it is important to note that phosphorus can be desorbed
from particles on the time scale of hours. Consequently, these results show that the exchangeable
phosphorus bound to particles must be considered as potentially available to algae on the time scale
required for algal growth.

7.3 Phosphorus uptake isotherms for suspended particulate matter
The strong association of phosphorus with suspended particulate matter (SPM) suggests the
possibility that particle adsorption could reduce the dissolved phosphorus concentration. However,
despite the high turbidity of the Darling River high concentrations of FRP commonly occur. As
shown in Table 7.1, an FRP concentration of 114 µg L-1 was attained despite a high turbidity of 350
NTU. To examine particle-phosphorus interactions further, a series of phosphorus-uptake
experiments were undertaken. The experiments involved adding different amounts of phosphate to
samples of river water and then determining the concentration remaining in solution after a suitable
equilibration period, using filters with a 0.2 µm pore size to measure FRP concentrations. The amount
of phosphorus adsorbed by the SPM was calculated from the difference between the initial
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concentration of FRP and the FRP measured after equilibration (FRPD). The initial FRP concentration
was calculated as the sum of the added phosphorus and the original FRP in solution.
The change in the adsorbed phosphorus concentration (∆Pad), which can be expressed in terms of µg
phosphorus per litre of solution or per gram dry weight of SPM, is defined as:
∆Pad = FRP (raw water) + FRP (from spike) - FRPD (final)

(7.1)

If the ∆Pad concentration is greater than 0, we interpret this as phosphorus uptake by the SPM in the
sample, while if ∆Pad is less than 0, then phosphorus is released from the particulate matter. Figure
7.5 shows the behaviour of three Darling River water samples with markedly different phosphorus
uptake characteristics. Simple linear regression was used to estimate the lines of best fit to the data.

300
12/93
6/94
10/94

250

-1

∆Pad (µg g )

200
150
100
50
0
-50
0

50

100
150
200
-1
FRPD (µg L )

250
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Figure 7.5 Phosphorus uptake during 24 hours by SPM in Darling River samples collected at Bourke.
The slope of the regression is defined as the sorption constant Ks and this reflects how readily
phosphorus is adsorbed onto the SPM (Froelich 1988). The Ks values determined here are 1.9 ± 0.3 L
g-1 (12/93, n= 7, r2 = 0.911), 0.61 ± 0.03 L g-1 (10/94, n= 5, r2= 0.994) and 0.16 ± 0.03 L g-1 (6/94, n=
4, r2= 0.925). These results show the same progression in the degree to which phosphorus exchange
occurs as do the iron strip desorption measurements on these samples (Figure 7.4).
One explanation for the almost 10-fold variation in Ks is that in samples with low values the
phosphate initially sorbed to the SPM has already filled most of the potential binding sites, hence it is
more difficult for the SPM surfaces to accommodate the increased solution concentration. However,
iron strip desorption measurements showed that in June 1994 the SPM contained 173 µg g-1 of
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exchangeable phosphorus while in October 1994 it contained 237µg g-1. This is the converse of what
might have been expected if differences in Ks were due to the filling of adsorption sites.
To investigate these interactions further, and also to improve the sensitivity of the exchange
measurements, a series of experiments were carried out using radioactive phosphorus as a tracer (33P
labelled orthophosphate). These experiments provided an independent estimate of the amount of
exchangeable phosphorus bound to the SPM and included a larger range of phosphate concentrations
to enable determination of the sorption capacity of the SPM (Pm).
Figure 7.6 plots the change in phosphorus adsorbed by SPM (∆Pad as µg P g-1 dry weight of SPM)
against the FRP concentration at the conclusion of the uptake period (FRPD) for a Darling River water
sample collected during the high flow event in mid-January, 1996. Sub-samples were collected from
the phosphorus exchange experiments after 24 hours and 48 hours of incubation to determine whether
the equilibration period had a large effect on the phosphorus uptake, but no difference was observed
(Figure 7.6). Longer times were avoided to minimise the development of artefacts from enclosure,
such as significant biological uptake of phosphorus by increasing populations of bacteria. Detailed
time series measurements showed that most of the labelled phosphorus exchanges occur in the first
hour and frequently in the first 10 minutes.
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Fit to All Data
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Figure 7.6 Phosphate sorption isotherm for a Darling River sample, collected at Bourke, 18/1/96.
The combined 24 and 48 hour data are approximated by the standard Langmuir isotherm equation:
∆Pad = Pm KL FRPD/(1 + KL FRPD )

(7.2)

7-7

Chapter 7

Phosphorus-Particle Interactions

where KL is the Langmuir constant and Pm is the maximum phosphorus sorption capacity of the SPM
(Froelich 1988). The Langmuir constant KL is the inverse of the FRPD concentration that causes ∆Pad
to equal one half of Pm, and indicates the affinity of the SPM to adsorb phosphorus. Values for the
adsorption parameters estimated by fitting the Langmuir equation to the data are Pm = 320 ± 20 µg g-1,
KL = 6.5 ± 1.1 x 10-4 L µg-1 (n= 18, r2 = 0.927).
Langmuir behaviour assumes that only a monolayer of phosphate is adsorbed onto particle surfaces
and that all the potential phosphorus-binding sites are of equal energy. Closer examination of Figure
7.6 shows there are systematic deviations from the Langmuir ‘line-of-best-fit’, especially at lower
solution phosphate concentrations, suggesting that the assumptions are not being met. Deviations of
data from the model can be more clearly seen if the isotherm equation (Equation 7.2) is re-arranged
into a linear form:
1/∆Pad = 1/FRPD x 1/Pm KL + 1/Pm

(7.3)

If the assumptions of the Langmuir equation are valid, then a plot of 1/∆Pad against 1/FRPD should be
a line with a slope of (Pm KL)-1 and an intercept of Pm-1. Figure 7.7 shows the experimental data
depicted in Figure 7.6 plotted according to the reciprocal equation above (Equation 7.3) and it is
apparent that the plot is curved.
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High FRP
Low FRP

0.005

0.000
0.000

0.002
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0.008
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Figure 7.7 Reciprocal Langmuir plot for phosphate sorption by a Darling River sample collected at
Bourke, 18/1/96.
Accordingly, the data have been analysed in terms of two linear expressions, one representing the
lower concentration FRPD values (higher 1/FRPD) and the other the higher FRPD concentrations
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(lower 1/FRPD). The two lines can be considered as representing two different types of binding site
for phosphate sorption. Oliver (1993) similarly attributed differences in desorption rates observed
during iron strip desorption time series to the presence of a number of different binding sites.
Table 7.2 summarises data from phosphate uptake experiments on two samples from the Darling River
(January 1995 & 1996) and samples from two of the major tributaries, the Culgoa River at Kenebree
(26/6/95) and the Barwon River at Brewarrina (23/6/95). In each case, a single Langmuir isotherm
(Equation 7.2) provided an adequate description of the phosphate uptake equilibrium but the
‘reciprocal’ plot revealed significant curvature as depicted in Figure 7.7. In all cases the ‘reciprocal’
plot was analysed in terms of two linear components with regressions performed separately on the low
and high FRPD data.
Table 7.2 Langmuir isotherm parameters for phosphorus uptake by samples from the Darling River
and its tributaries.
Fit

Parameter

Darling 1/95

Darling 1/96

Barwon 6/95

Culgoa 6/95

Normal

Pm (µg g-1)

541 ± 27

324 ± 19

683 ± 64

692 ± 94

Isotherm

KL (L µg-1)

7.7 ± 1.0 x 10-4

6.5 ± 1.1 x 10-4

7.5 ± 2.2 x 10-4

5.0 ± 1.5 x 10-4

r2

0.905

0.927

0.875

0.890

N

39

18

16

16

Reciprocal

Pm (µg g-1)

226 ± 24

147 ± 10

315 ± 39

198 ± 25

‘Low’
FRPD

KL (L µg-1)

4.5 ± 0.7 x 10-3

4.3 ± 0.5 x 10-3

3.5 ± 0.5 x 10-3

5.6 ± 0.8 x 10-3

r2

0.794

0.948

0.975

0.982

N

28

10

8

8

Reciprocal

Pm (µg g-1)

637 ± 69

395 ± 31

699 ± 122

633 ± 164

‘High’
FRPD

KL (L µg-1)

3.6 ± 0.6 x 10-4

3.1 ± 0.4 x 10-4

6.0 ± 1.6 x 10-4

5.1 ± 1.7 x 10-4

r2

0.860

0.958

0.753

0.806

N

10

8

10

8

The two sets of Pm and KL values determined for each water sample at ‘high’ and ‘low’ FRPD
concentrations were statistically different from each other, indicating that there are at least two distinct
types of binding site on the SPM. The higher values for KL in the ‘low’ FRPD region indicate a more
favourable (lower energy) binding site for orthophosphate. As FRPD increases, these lower energy
sites become saturated and it is more difficult to adsorb phosphate onto the remaining higher energy
sites. This two-stage analysis of the reciprocal plot also reveals that the ‘normal’ Langmuir isotherm
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underestimates the total sorption capacity (Pm) of the SPM, by a factor of 1.2 to 1.7. More
importantly, the single isotherm obscures the existence of the lower energy sites.

7.4 Comparison of particle phosphorus interactions in seven other lowland
rivers
Phosphate uptake isotherm experiments were conducted on SPM collected from seven other
Australian lowland rivers for comparison with the Darling River results. The filterable reactive
phosphorus concentration in these seven rivers is generally much lower than that found in the Darling
River. Similar to the results obtained for the Darling River samples, phosphate uptake behaviour by
SPM from the seven rivers was best described by two types of sorption site - a lower energy site at
low FRPD and a higher energy site at elevated FRPD concentrations. The results of the reciprocal
Langmuir plots for the lower energy sites are summarised in Table 7.3.
Table 7.3 Langmuir isotherm parameters for the lower energy site on SPM from Australian lowland
rivers.
River

Pm

KL
(Low FRP)

n

Pex(sorbed)

(Low FRP)

-1

(µg g-1)

(L µg )
Campaspe

r2

5.8 ± 1.6 x 10-3
-2

% of TPex on
Particles

%a
Satn.

(µg g-1)

556 ± 123

0.833

10

151 ± 54

11 ± 1

27 ± 11

263 ± 28

0.977

8

66 ± 20

24 ± 2

25 ± 8

Murrumbidgee

1.7 ± 0.2 x 10

Burdekin

3.9 ± 1.0 x 10-2

55 ± 7

0.696

10

20 ± 1

71 ± 14

36 ± 5

Goulburn

1.0 ± 0.4 x 10

-2

172 ± 65

0.850

8

46 ± 15

64 ± 11

27 ± 13

Lachlan

2.9 ± 1.4 x 10-2

Murray
Yarra
(a)

207 ± 41

0.458

8

56 ± 14

10 ± 1

27 ± 9

4.0 ± 2.0 x 10

-3

840 ± 430

0.820

6

81 ± 29

15 ± 1

10 ± 6

1.5 ± 0.4 x 10

-2

192 ± 41

0.873

8

52 ± 10

49 ± 7

27 ± 8

Defined as 100 x Pex(sorbed)/Pm

Comparing the maximum sorption capacity Pm of the lower energy sites for the seven rivers listed in
Table 7.3, with those of the Darling River and tributaries listed in Table 7.4, it is apparent that Pm of
the Darling River is no smaller than that observed in most of the other lowland rivers. The similarity
in Pm values implies that the much higher FRPD concentrations found in the Darling River system
cannot be attributed to a lower sorption capacity of Darling River SPM.
In contrast, the Langmuir constants (KL=10-39 x 10-3 L µg-1) for the five rivers with similar Pm values
to the Darling River are generally significantly higher than those for the Darling River system (3.5-5.6
x 10-3 L µg-1). This indicates that the energetics of phosphate sorption onto particles are more
favourable for the majority of rivers listed in Table 7.3 than they are for the SPM of the Darling River
and its tributaries (Table 7.4).
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Table 7.4 Bulk characteristics of Darling River suspended particulate matter (SPM) and sediments
(particles >0.2 µm).
Sample

TOC
-1

Darling SPM 1/96
Darling SPM 1/95
Culgoa SPM 6/95
Barwon SPM 6/95
Darling Sediment
(a)

Total Fe

Extract.
Fe

(sorbed)

(lower)

(lower)

(mg g )

(mg g )

(mg g )

(µg g )

(L µg )

7.4 ± 0.3

62 ± 2

6.3 ± 0.8

57 ± 2

4.3 ± 0.5 x 10-3

147 ± 10

39 ± 3

67 ± 5

-3

226 ± 24

30 ± 4

-3

198 ± 25

17 ± 3

-3

315 ± 39

22 ± 5

-3

790 ± 110

5±1

7.1 ± 1.5
14 ± 8
12.7 ± 2.0

41 ± 3
58 ± 3
57 ± 13
56 ± 1

3.1 ± 0.7
3.5 ± 0.7
4.6 ± 1.3
7.2 ± 0.4

-1

%a
Satn.

Pm

KL

-1

12.4 ± 1.1

-1

Pex

34 ± 3
68 ± 15
39 ± 4

-1

(µg g-1)

4.5 ± 0.7 x 10
5.6 ± 0.8 x 10
3.5 ± 0.5 x 10

3.0 ± 0.5 x 10

Defined as 100 x Pex(sorbed)/Pm

In an effort to explain these differences in adsorption characteristics, the chemical composition of
particles from the different rivers were compared. The conceptual model presented in Figure 7.2
suggests that the differences in Pm and KL may be due to the extent of the iron coating associated with
the particle and its modification by the presence of natural organic matter. To assess the importance
of these characteristics the particle samples were analysed for total iron, total organic carbon and
extractable iron content. Extractable iron is the concentration of iron that is removed from the
particles after gentle boiling for 20 minutes in the reductant, hydroxylamine hydrochloride
(NH2OH.HCl). It is considered to be the fraction of amorphous or poorly crystalline iron coating the
particle surface (Grace et al. 1996). Several studies have shown that phosphate readily binds to
poorly crystalline iron oxides such as ferrihydrite (Slomp et al. 1996; Golterman 1995), as well as to
the more crystalline phases, such as goethite (Hawke et al. 1989).
The similarity between both the total iron and the easily extractable iron composition of the SPM in
the Darling River samples (Table 7.4) seems to preclude variation in iron content as a cause for the
differences in sorption capacities between the samples. Similarly the total organic carbon (TOC)
content is not correlated with either Pm or the concentration of exchangeable phosphorus on the
particles. Although differences in exchangeable phosphorus are relatively small they do not appear to
be associated with TOC and extractable iron in the way suggested by the model.
The total iron content for SPM >0.2 µm in the lowland rivers listed in Table 7.3 varied from 26 ± 4
mg g-1 for the Yarra River up to 58 ± 3 mg g-1 for the Burdekin River. In comparison, concentrations
in the Darling River samples were at the higher end of this range (Table 7.4). However, the
‘extractable’ iron content for the seven rivers was generally higher (6-16 mg g-1) than for the Darling
River system, with the exception of the Yarra (1.8 ± 0.3 mg g-1). Perhaps it is this difference in
extractable iron that accounts for the lower affinity for phosphorus of the Darling River particles
compared to the other lowland rivers.
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The total organic carbon content of the SPM in the lowland rivers (Table 7.3) ranged from 5 ± 4 mg g1

for the Murray River up to 48 ± 3 mg g-1 for the Burdekin. The high TOC for the Burdekin River

may help explain the lower sorption capacity if NOM is competing for phosphorus binding sites, or
blocking access to the binding sites. The differences in TOC between other samples were relatively
small and did not appear to account for variation in phosphorus adsorption characteristics.

7.5 Interactions between phosphorus and the bottom sediments
Under appropriate conditions, the bottom sediments may provide a source of phosphorus to the
overlying water. In the event of algal growth utilising the immediately available phosphorus in the
water column, such re-supply could prove critical to a continued increase of algal biomass. In Chapter
6 it was suggested that the cyanobacterial bloom in Bourke Weir Pool during December-January
1995/96 obtained supplies of phosphorus from the bottom sediments.
An experiment was undertaken to determine whether the intrinsic uptake characteristics of Darling
River sediment were different from those of the suspended particulate matter (SPM). A sample of
sediment was collected from Bourke Weir using an Ekman grab, and a suspension of this sediment (1
g L-1 dry weight) was prepared using 0.003 µm filtered Darling River water. The residual FRP in the
filtered Darling River water was removed by precipitation with Lanthanum Chloride (LaCl3). Air was
bubbled through the suspension prior to phosphorus addition to ensure that the sediment was
oxygenated. Figure 7.8 shows the phosphorus uptake behaviour of the sediment for which a simple
Langmuir isotherm provides a reasonable description. However, as was found for the SPM, a
reciprocal plot revealed that a two-stage analysis provided a better fit to the data. The parameters
derived from fitting the two linear regressions of the reciprocal plot are listed in Table 7.5.
Table 7.5 Langmuir isotherm parameters for phosphorus uptake by oxic Darling River sediment.
Fit
‘Normal’ Isotherm

n

r2

1.4 ± 0.3 x 10-4

20

0.980

-3

10

0.940

8

0.982

Pm

KL

(µg g-1)

(L µg-1)

4710 ± 570

Reciprocal Plot – ‘Low’ FRPD

790 ± 110

3.0 ± 0.5 x 10

Reciprocal Plot – ‘High’ FRPD

6290 ± 910

8.5 ± 1.3 x 10-5

A comparison of the results given in Tables 7.2 and 7.5 indicates that the Langmuir constant (KL) for
sorption to the lower energy sites is similar for the SPM and the sediment sample, possibly indicating
the same mechanism of phosphate binding to the solid surface. However, the KL value for the high
energy binding sites on the sediment is almost an order of magnitude lower than for the SPM,
suggesting that it is more difficult for phosphate to bind to these sites in the sediment. The most
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Figure 7.8 Langmuir isotherm for phosphate sorption by Darling River sediment.
dramatic difference between the sorption behaviour of the SPM and the sediments is the much greater
sorption capacity of the sediment, by a factor of ca. 4 for the more favourable lower energy sites, and
up to an order of magnitude greater for the higher energy sites.
In an attempt to rationalise these results, the bulk chemical properties of the sediment were determined
and these are contrasted with the SPM samples in Table 7.4. The total iron content of the sediment is
not different from that observed in the SPM, but the extractable iron concentration is slightly higher
than most of the SPM samples. The difference is not large and it is questionable whether it could be
responsible for the large differences in sorption capacities between the SPM and sediment samples.
This is especially the case since similar levels of extractable iron were observed in SPM samples from
other lowland rivers but were not necessarily associated with large increases in sorption capacity. The
total organic carbon concentration in the sediments was similar to that in the Darling River SPM while
the sorbed phosphorus concentration is at the low end of the range for the SPM. Due to the large Pm
of the sediment sample, the final column in Table 7.4 shows that 95 ± 1% of all the lower energy
binding sites on the sediment are still unoccupied, in contrast to 61-83% in the Darling River SPM.
The release of sediment-bound phosphorus to the water column is considered a primary mechanism
for the re-supply of bioavailable phosphorus in the advent of significant algal growth. It is widely
held that this mechanism is enhanced under anoxic or reducing conditions. Anoxia in the bottom
waters is generated by bacterial respiration fuelled by algal cell detritus or other organic matter. The
capability of the Bourke Weir sediments to release phosphorus under artificially generated anoxic
conditions was investigated by repeating the phosphorus uptake experiments with bottom sediment,
but bubbling nitrogen through the sediment-water suspension to remove oxygen. During the
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experiment a pH remained relatively constant at 8.5. Figure 7.9 illustrates the change in ‘dissolved’
FRP concentration (<0.2 µm, and expressed as µg P g-1 dry weight sediment) with time after
commencement of nitrogen bubbling. Monitoring of dissolved oxygen concentrations showed that
dissolved oxygen was reduced to <1 mg O2 L-1 after 20 minutes nitrogen flow. The data show that
FRP is released from the sediment upon the initiation of anoxic conditions, with an increase in FRPD
corresponding to a release of about 90 µg of phosphorus per gram of sediment. This is substantially
higher than the 39 µg g-1 of phosphorus available for release by the sediments under oxic conditions
(Table 7.4).
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Figure 7.9 The time dependence of phosphorus release from Bourke Weir sediment under anoxic
conditions.
It has been shown that phosphorus release from sediments is governed primarily by microbial
processes (Gächter & Meyer, 1993). The bacterial population present in the Bourke sediment used in
these experiments is probably different to that in the natural environment, due to changes upon storage
and handling. However, these preliminary experiments show that the Bourke Weir Pool sediments are
able to release significant amounts of phosphorus back into the water column, given the appropriate
environmental conditions.

7.6 The fate of phosphorus released from the Narrabri sewage treatment plant
Most phosphorus in sewage effluent is in the dissolved phase, and discharges from sewage treatment
plants (STPs) may be a major source of bioavailable phosphorus, particularly under low flow
conditions. In this section, we report a study of the temporal and spatial changes in filterable reactive
phosphorus (FRP) and total phosphorus concentrations in the Namoi River downstream of the sewage
discharge from Narrabri (Figure 7.10), a township with a population of ca. 8000 people. About 2
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kilometres upstream of Narrabri the river splits into two arms, which run approximately parallel for
about 12 kilometres, before rejoining downstream of Narrabri (Figure 7.10). Apart from periods of
very high flow, the northern arm (Narrabri Creek) carries all the river flow, as was the situation during
this study.
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Figure 7.10 Location of Namoi River field sampling sites.
The depth and width of the river varied considerably over the sampling reach. In deeper areas,
particularly upstream of Mollee Weir (Figure 7.10 inset), the river channel was about 20 metres wide
and up to 2 metres deep. In other locations, the river during low flow was reduced to shallow
channels defined by sandbars. These channels were usually less than 0.5 metres deep, and only a few
metres wide.
At the time of this study, sewage treatment at the Narrabri STP included the removal of solids using
primary sedimentation tanks, secondary clarification and trickling filters. The sewage effluent was
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then chlorinated and discharged to the river. The volume of sewage inflow to the plant was monitored
and varied between 1.1-1.7 ML day-1 during the sampling periods. Discharge volumes were not
measured, but are assumed to equal the inflow volumes, as the reduction of liquid during sewage
treatment was not considered to exceed 5%.
Samples were collected in March 1994 during a period of moderate flow (152 ML day-1), and in July
1994 when river flow was low (30 ML day-1). Sewage discharges during March and July were 1.17
and 1.39 ML day-1, giving the percentage volume of effluent flow in total river flow as 0.8% and 4.4%
respectively.
Gram quantities of suspended particulate matter (SPM) were collected with a continuous flow
centrifuge. In March, samples were collected along a reach extending from 2 to 3 kilometres
upstream of the sewage discharge point, to approximately 6 kilometres downstream (Figure 7.10). In
July 1994, downstream sampling was extended to 42 kilometres.
7.6.1 The effect of Narrabri sewage treatment plant on Namoi River phosphorus
concentrations
The total phosphorus (TP) content of the sewage samples was within the concentration range of 7-11
mg L-1, with almost 90% present in the <0.2 µm fraction as FRP. Concentrations of TP and FRP
(<0.2µm) are plotted as a function of distance from the sewage discharge in Figure 7.11 (March 1994)
and Figure 7.12 (July 1994). Also shown is the calculated FRP concentration downstream of
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Figure 7.11 Phosphorus concentrations (µg P L-1) in the Namoi River, March 1994.
the STP if mixing between sewage and river water was conservative and the concentration of sewagephosphorus in the river is only affected by dilution with river water.
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Figure 7.12 Phosphorus concentrations (µg P L-1) in the Namoi River, July 1994, showing
exponential decrease downstream from the sewage outlet.
Figure 7.11 and Figure 7.12 show an increase in FRP and TP immediately downstream of the sewage
discharge. There is some scatter in the results in the first kilometre in both figures, probably due to
incomplete mixing of sewage and river water. However, both plots approach the calculated FRP
conservative mixing line in the well-mixed region of the river between 1 and 4 kilometres downstream
of the sewage discharge. In March 1994, the FRP concentrations were a little higher than predicted by
conservative mixing, whilst in July 1994 the concentrations were somewhat lower. These differences
may be due to slight inaccuracies in river flow data under the different flow conditions rather than
representing significant gain or loss of phosphorus in the first few kilometres downstream of the
sewage discharge.
During both March 1994 and July 1994 there was no systematic change in turbidity, conductivity or
suspended solids concentration for 4 kilometres downstream of the sewage discharge. In March 1994,
the mean downstream concentration of total phosphorus on SPM was 1960 µg P g-1 (dry weight), 190
µg P g-1 higher than the upstream concentration of 1770 µg P g-1. This suggests there was some
phosphorus uptake by the SPM. However, given the measurement uncertainties (± 2%), and the fact
that about 50 µg P g-1 of the increase is due to the high phosphorus content of sewage solids, it is not
certain that this increase reflects uptake by river particles. In July 1994, there was no significant
difference between the total phosphorus content of the upstream and downstream SPM samples
(average = 3030 ± 30 µg P g-1).
In March 1994, the mean TP and FRP concentrations remained relatively constant for 4 kilometres
downstream at 282 and 153 µg L-1 respectively, before dropping significantly 6.4 kilometres
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downstream. The difference between TP and FRP concentrations remained relatively constant before
and after the inflow from the STP, suggesting that the downstream decline was not due to the removal
of particles from suspension.
In July 1994, the concentrations of TP and FRP were similar upstream of the STP at ca. 50 µg L-1,
indicating that much of the phosphorus was in a reactive form and less than 0.2 µm in size. The STP
discharge increased TP to a maximum of 410 µg L-1 while FRP reached a maximum of 350 µg L-1 the
difference indicating that 60 µg L-1 of phosphorus had entered from the STP associated with
suspended particles. The TP and FRP concentrations then showed a sustained decline downstream
reaching values of 150 µg L-1 for TP and 80 µg L-1 for FRP at the 42 kilometres site. These values
indicate that a particle concentration of 70 µg L-1 was still in suspension, suggesting that the decline in
phosphorus concentration over the 42 kilometres length of river was due to a loss of FRP, and was not
the result of particle sedimentation. The FRP concentration at the farthest site downstream
approached those observed upstream of the sewage discharge.
7.6.2 Phosphorus adsorption by Namoi River suspended particulate matter
Phosphorus adsorption experiments were conducted as described in previous sections using SPM
collected in July 1994 from 1.5 kilometres upstream of the sewage discharge. The amount of
phosphorus adsorbed by the SPM was calculated from the difference between the initial concentration
of added phosphorus and the FRP measured after equilibration (Equation 7.1). The change in
phosphorus adsorbed by the SPM (∆Pad, as µg P g-1 dry weight of SPM) against the FRP concentration
at the conclusion of the uptake period (FRPD) is plotted in Figure 7.13a. The data are approximated
by a standard Langmuir isotherm (Equation 7.2) giving values of 2.9 ± 0.8 x 10-3 L µg-1 for KL the
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Figure 7.13 Adsorption isotherm for Namoi SPM collected upstream of sewage discharge in July
1994, (a) Langmuir fit; (b) linear fit at low solution FRP.
sorption capacity of the SPM. At low solution FRP concentrations the plot is approximately linear
(Figure 7.13b), the slope indicating a sorption constant (Ks) of 1.95 L g-1. These adsorption

7-18

Chapter 7

Phosphorus-Particle Interactions

parameters are significantly higher than similar measurements on samples from the Darling River and
its tributaries downstream of the Namoi (Table 7.2). They suggest a larger affinity and capacity for
phosphorus adsorption by the SPM in the Namoi River.
7.6.3 Partitioning of Namoi River phosphorus between suspended particulate matter
and solution
The extent of adsorption of sewage FRP onto the surface of suspended sediment particles was
estimated from the partitioning of FRP between the SPM and solution. Partitioning is usually
expressed in terms of a distribution coefficient (Kd), which is comparable with the sorption constant
Ks, derived from laboratory experiments. The partitioning of phosphorus upstream of the sewage
discharge is given by Kd = Pex(sorbed)/FRPD. As previously described, Pex(sorbed) is the amount of
exchangeable phosphorus initially adsorbed to the suspended sediment prior to contact with sewage
and was determined from isotope exchange experiments using 33P. FRPD is estimated as the mean
FRP concentration in solution. The exchangeable-phosphorus content of the SPM collected upstream
of the sewage discharge in March 1994 was found to be 300 µg g-1, or about 17% of the total SPMbound phosphorus concentration. In July 1994, the upstream Pex(sorbed) content was 550 µg g-1, or
19% of the total SPM-bound phosphorus concentration.
It is assumed that the additional FRP entering from the STP is partitioned in the same way as
phosphorus in the upstream sample. Partition coefficients are known to depend upon many factors,
including water and sediment composition, total suspended solids concentration (TSS) and even the
concentration of the species being considered (i.e. FRPD). However, providing these factors remain
relatively constant, Kd can give a useful indication of the fate of a chemical species.
In March 1994, Kd was 4.3 L g-1 upstream of the sewage discharge, and the flow-diluted concentration
of FRP from the sewage was 54 µg P L-1. Assuming that the FRP from the sewage will be partitioned
according to this Kd, and that there is complete mixing of river water and effluent, the downstream
FRPD concentration should increase from 69 to 116 µg P L-1. Correspondingly for the SPM,
Pex(sorbed) should increase from 295 to 505 µg P g-1, raising the total-phosphorus concentration of the
SPM from 1780 to 1990 µg P g-1. The calculated increase in phosphorus content of the SPM is in
good agreement with the measured phosphorus concentration of 1960 µg P g-1 in the downstream
SPM samples. The Pex(sorbed) increase of 210 µg P g-1 corresponds to the adsorption of 7 µg L-1 FRP
(calculated from TSS x ∆Pex(sorbed)), indicating that only 14% of the FRP originating from the
sewage has been adsorbed to SPM.
A similar calculation was performed for the July 1994 data using the laboratory-derived partitioning
coefficient (Ks) of 1.95 L g-1 and gave final values for FRPD and Pex(sorbed) of 414 µg L-1 and 1260
µg P g-1 respectively. This Pex(sorbed) value is in good agreement with the laboratory estimate of the
sorption capacity and suggests that the particle surfaces of the SPM are saturated with FRP and cannot
take up any more phosphorus from solution. The increase in Pex(sorbed) (714 µg g-1) from upstream
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to downstream of the sewage outlet corresponds to the adsorption by the SPM of less than 15 µg L-1,
or 4%, of the diluted sewage FRP.
The above calculations show that adsorption by SPM will result in a very small decrease in the FRP
concentration originating from sewage. It is clear that if suspended sediment moves conservatively
with the river water, as suggested earlier, then adsorption of phosphorus by this SPM cannot account
for the large reduction in FRP observed downstream in July 1994 and that probably also occurred in
March 1994 at distances exceeding 6 kilometres downstream. The fact that total phosphorus also
shows significant decreases in both July and March, and that they are comparable to the changes in
FRP, indicates a nett removal of FRP, probably to bottom sediments in the river channel. This could
be by direct adsorption onto bottom sediments, or due to uptake by microrganisms associated with the
sediments.
The results indicate that bottom sediments may act as a sink for FRP (Froelich 1988). If such a sink
exists, two processes would then largely control FRP in the river, buffering by SPM and adsorption by
bottom sediments. These processes will also affect alteratioins in FRP concentrations due to
discharges from STPs. If the buffering capacity of suspended and bottom sediments are large enough,
the nett effect may ultimately be a return of dissolved phosphorus to concentrations similar to those
upstream of the discharge. This appears to have been the case at Narrabri during low river flow in
July 1994, and possibly also in March 1994 during moderate flow. The data would suggest that the
bottom sediments are playing a major role in buffering the concentrations of phosphorus in solution.
However, it is likely that under different flow conditions the rate of phosphorus loss from the water
column may vary, depending on factors such as flow velocity, river depth, and sediment re-suspension
rate.

7.7 Discussion
The phosphorus desorption experiments and the radioisotope measurements demonstrated that the
suspended particles from the Darling River contain a quantity of phosphorus that is exchangeable with
the surrounding solution. This phosphorus can desorb into the water over a relatively short time
frame, of the order of 24 hours, and act as a source of phosphorus to support algal growth (Figure 7.4).
Even at a relatively low river turbidity of 50 NTU, the exchangeable phosphorus concentration was 10
µg L-1 and represented ca. 20% of the algal available phosphorus. At a turbidity of 350 NTU the
sorbed phosphorus concentration was 62 µg L-1, which was 30% of the available phosphorus (Table
7.1). Analysis of the adsorption-desorption isotherms indicated that the characteristics of phosphorus
sorption are best described with a model that includes at least two binding sites with different
affinities for adsorbing phosphorus (Figure 7.7, Table 7.2). Differences in the energetics of sorption
to the lower energy sites on a range of lowland rivers, including the Darling and its tributaries, do not
appear to be due to variation in total iron or total organic matter content of the SPM. A weak reliance
of sorption characteristics on the extractable iron concentration was postulated from the data but could
not be substantiated. It is clear from the results that the conceptual model of riverine particles (Figure
7.2) needs further refinement.
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The NSW Department of Land and Water Conservation (DLWC) has identified the Namoi River as
the major tributary source of phosphorus to the Upper Darling system (Preece & Whalley 1993).
Discharge of sewage from the Narrabri STP into the Namoi River under moderate and low flow
conditions caused elevated phosphorus concentrations in the river for a distance of a few kilometres
downstream. Most of the sewage phosphorus was lost from the water column within 40 kilometres
downstream of the STP during low river flow conditions in July 1994. There was also evidence that
phosphorus was lost during the higher flow conditions in March 1994, although the extent and rate of
removal was not determined. The phosphorus loss from the river downstream of the STP was not due
to sedimentation of particles, but to a reduction in the FRP concentration. The exact mechanism for
the phosphorus removal is not known, but it probably occurs by direct adsorption onto river-bed
sediments enhanced by microbial uptake. Only a small fraction of the FRP released from the sewage
treatment plant was adsorbed onto the suspended particles (4 & 14%), but in each of the two cases this
almost doubled the amount of exchangeable phosphorus sorbed to the particles.
Transport of sewage phosphorus downstream in the Namoi River, and eventually into the Darling
River will be controlled by a number of factors, including the degree of reversibility of phosphorus
adsorption by sediments, and the efficiency and dynamics of sediment transport in the Namoi River.
If the phosphorus remains firmly attached to the sediment, the amount of sewage phosphorus
transported from Narrabri to the Darling River will be dictated by the sediment delivery ratio of the
Namoi River, and given the distances involved, this transport could take years to decades.
We have shown that Darling River bottom sediments may act as both a source and a sink for water
column phosphorus. Preliminary experiments confirm that the supply of phosphorus from the
sediments may be enhanced under anoxic conditions. Although these laboratory-based experiments
show that anoxic phosphorus release from the sediments occurred on a time scale suitable for algal
growth requirements, only indirect support has been obtained from the field on the importance to
algae of phosphorus released from bottom sediments (Chapter 6). The nutrient data indicates that
there is often sufficient phosphorus in the water, both dissolved and sorbed onto surfaces of SPM to
support significant algal populations without the need for supply from bottom sediments, but such a
supply could further enhance the algal biomass.

7.8 Key points
•

The phosphorus available to algae within the Darling River is comprised of two parts. A
component in solution that is immediately available, and a component that is bound to the
surfaces of suspended particulate matter. This component desorbs from the particles within a
sufficiently short time that it can provide a supply of phosphorus to algae.

•

Analysis of the adsorption-desorption experiments indicated that the suspended particles have at
least two binding sites with different affinities for adsorbing phosphorus.
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The characteristics of phosphorus adsorption for a number of lowland rivers in the MurrayDarling Basin indicated that the maximum phosphorus adsorption capacity of the particles in the
Darling River were not substantially different from those of the other rivers.

•

In contrast the affinity of the most favourable binding sites for phosphorus appeared to be lower in
particles from the Darling River than from a range of other lowland rivers.

•

Differences in the energetics of sorption to the more strongly adsorbing sites for a range of
lowland rivers, including the Darling and its tributaries, could not be attributed to variation in total
iron or total organic matter content of the suspended particulate matter. A weak reliance of
sorption characteristics on the extractable iron concentration was postulated from the data but
could not be substantiated.

•

Bottom sediments from the Darling River had phosphorus sorption characteristics similar to those
of the suspended particles except that the maximum sorption capacity of the most favourable
binding sites was between 2 and 5 times larger. As the amount of sorbed phosphorus was similar
the percent saturation of the bottom sediments was only 5% compared to 17 to 40% in the SPM
samples.

•

The release of phosphorus from the bottom sediments was enhanced under anoxic conditions.

•

Addition of phosphorus to the Namoi River from a sewage treatment plant increased the
concentration of both FRP and particle bound phosphorus. Over a 42 kilometres length
downstream of the STP the FRP and particle phosphorus concentrations reduced in parallel,
indicating that removal of phosphorus was due to the loss of FRP. This was explained by uptake
into the bottom sediments.

•

Only a small fraction, 4 and 14% of the FRP from the sewage treatment plant adsorbed to the
suspended particulate matter and they had little influence on the FRP concentration downstream
of the treatment plant. However, this adsorption of phosphorus was sufficient to almost double
the exchangeable quantity on the particle surfaces, corresponding to increases of 7 and 15 µg L-1
of phosphorus being carried on the particles.

7-22

Chapter 8

Flow regime and sediment transport

Chapter 8 The flow regime of the Darling-Barwon River and its
tributaries, with implications for understanding
sediment transport
8.1 Introduction
The toxic blue-green algae (cyanobacteria) bloom, which occurred in late 1991 in the Darling River
system, was attributed principally to the high concentration of phosphorus in the river. The total
supply of phosphorus to the Darling River is closely related to sediment transport as a substantial
proportion of the phosphorus load is adsorbed to fine sediment particles (Chapters 6 & 7). Although
the concentration of total phosphorus is regularly monitored, it is the origin of the bioavailable
component of the total phosphorus supply that is most relevant to algal blooms, but identifying and
tracing this particular component can be difficult. This is because in large river systems sediment is
transported over great distances and is repeatedly deposited and stored. As a result particles encounter
many different chemical conditions that influence the bioavailability of the associated phosphorus
(Figure 7.3). Indeed, the bioavailable phosphorus supply may be related more to recent chemical
conditions encountered by the particles rather than directly to an external source. Given the difficulty
of tracing the bioavailable phosphorus delivered to the Darling River, the focus was placed on
sourcing the origin of the sediment and its associated phosphorus.

8.2 Gauging stations and flow analysis
As a first step to understanding sediment transport in the Darling River system an analysis was carried
out of the volume of water transported by the main channel and by the various tributaries. This was
based on flows measured at gauging stations on the Darling-Barwon River and inflows from gauged
tributaries (Figure 8.1). Cumulative flows, rather than daily flows, were used in the analysis to
provide a better insight into the important characteristics of the flow regime, and to provide a more
useful comparison between tributary contributions.
The differences between cumulative flows at the major gauging stations demonstrate how mass
balance errors for water vary over time. This information is important, firstly to assess the
implications of these errors on determining the relative significance of major tributaries and secondly,
to determine if there is nett loss of water from the river to the floodplain and if so, where it occurs.
Nett water loss has important implications to the transport of sediment and sediment-bound nutrients
as it can indicate the loss of these materials from the river and their deposition on the floodplain.
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Figure 8.1 The Darling River Basin, showing gauged tributaries and locations of gauging stations for
which data were analysed.
The analysis described in this chapter used the longest period for which reliable data was recorded at
all relevant gauging stations. This meant finding the longest period of recordings where gaps in the
data could be reliably filled using relationships between gauged river flows, rather than using outputs
from less reliable rainfall run-off models. This was achieved using records provided by the NSW
Department of Land and Water Conservation and by modelling relationships between cumulative main
stream flows and anabranch flows.
The flow analysis attempts to distinguish between real losses of water from the river and apparent
losses due to the difficulty of gauging over bank flows. This contributes to the understanding of water
flow and material transport in the main stream and identifies any need for further investigations of the
gauging problem.
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8.3 Data sources and filling gaps in the flow record
The region upstream from Wilcannia was studied in order to include all the tributaries of the DarlingBarwon River (Figure 8.1). The main flow records for the region are in the Pinneena database (NSW
Department of Water Resources 1989). The longest common period of continuous flow records for
the gauged tributaries entering the Darling-Barwon was the period 1975-1991 inclusive. Records did
not begin for the Mehi River until 1975 and ended for the Gwydir and Boomi Rivers in 1991. These
sites set the limits to the data record. Apart from missing records, the data was generally very good. It
appeared to be free from artefacts, such as sudden changes in computed flows due to changes in flow
rating curves. Some of the data gaps were filled by the water authority using the IQQM model, while
other gaps were filled using the flow relationships of nearby gauged tributaries. The details of the
Table 8.1 Gauged tributaries of the Darling-Barwon River upstream of Wilcannia, showing basins
and periods of full record.
Basin
Main
Tributary
Stream
Border Rivers
Upper
Barwon
416
Boomi R.
Gil Gil Ck.
Moonie
Moonie R.
417
Gwydir
418
Gwydir R.
Meehi R.
Namoi
Namoi R.
419
Pian Ck.
Macquarie/
Castlereagh

Macquarie 421

Marra Ck.
Bogan
Culgoa

422

Barwon
Grawan Ck.
Barwon

Warrego

423

Paroo
Darling

424
425

Cato Ck.
Tarrion Ck.
Bokhara
Culgoa
Warrego
Paroo
Darling
Talyawalka Ck.

Gauging Station
Mungindi
Neeworra
Galloway
Gundablouie
Collymangle
Collarenebri
Bugilbone
Goangra
Waminda
(Not shown on Figure
8.1)

Station Period of
No.
record
416001
1966-94

416028
416052
417001
418031
418055
419021
419026
419049
421005
421011
421012
Billybingbone br.
421107
Gongolgon
421023
Mogil Mogil
422004
Collarenebri
422003
Old Pockataroo
422018
Dangar br., Walgett
422001
Brewarrina
422002
Brewarrina
422007
Brewarrina
422022
Bokhara
422005
d/s Collerina
422006
Fords br.
423001
Fords br., Bywash
423002
Willara Cr.
424002
Bourke
425003
Louth
425004
Wilcannia
425008
Barrier Hwy., Wilcannia 425018

1969-91
1969-94
1946-94
1971-91
1975-94
1955-93
1972-93

1945-94
1944-94
1944-94
1966-93
1969-94
1930-93
1949-92
1945-92
1945-92
1922-93
1922-93
1954-94
1943-91
1954-83
1914-94
1971-91
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river basins, gauging stations and the period of continuous flow record (full years) are set out in Table
8.1. In the following discussion the numbers found in parentheses after the name of each tributary or
river refers to the NSW DLWC gauging stations as listed in Table 8.1 and shown in Figure 8.1.
A major problem with the database was the large gaps in data for two important stations on the
Barwon River, at Collarenebri (422003) and at Grawan Creek (422018). Collarenebri had data
missing from January 1980 to October 1980. Grawan Creek had data missing from May 1979 to
August 1980 and for a portion of a significant flow event in July-August 1984. Fortunately, good
relationships were found between flows for neighbouring stations and this was used to model the flow
at the times when data was not recorded.
It was found that when flows at Collarenebri were below the threshold for Grawan Creek to flow, then
the Collarenebri flow was within 10% of the sum of flows from the Barwon River at Mogil Mogil
(422004) and the two tributaries, the Gwydir (418031) and Mehi (418055) Rivers. Cumulative flows
agreed to a higher accuracy than actual flow rates. During the period of missing data in 1980 the
weather conditions were dry and the sum of these flows never exceeded one third of the threshold for
Garwan Creek to flow, providing a sound and very simple basis for filling this large data gap.
A plot of daily flows for Grawan Creek against daily flows at Collarenebri clearly shows that the
flows are strongly related (Figure 8.2a). One relationship is evident for the data up to the end of 1981
and a second relationship for flows recorded after this date (Figures 8.2b & 8.2c). The curvature that
is apparent in the relationship at Collarenebri flows below ca. 20,000 megalitres per day (M1 d-1) is
due to differences in flow lag periods. To minimise the effects of transient errors and non-linearity,
these relationships were used to estimate cumulative flows and the difference between modelled
cumulative flows were used to estimate daily flows. The gap-filled data was then iteratively used to
refine the flow model and thus improve the gap filling method.
For the period prior to 1981, the cumulative Grawan flow was modelled as being proportional to the
cumulated Collarenebri flow above a threshold of 7,500 Ml d-1 and a weaker linear response to
Collarenebri flows above a second threshold of 16,000 Ml d-1 (Figure 8.2a). Because Collarenebri
flows were less than the lower threshold for all of 1980, the missing Grawan data for that year was
estimated as zero flow.
For the period 1982-1993, there was a new relationship between Grawan and Collarenebri flows
(Figure 8.2c), following the higher set of curves in Figure 8.2a. Flows were modelled using the
previous method, but the second flow threshold increased to 23,500 Ml d-1. The missing data during
1984 was filled using this relationship.
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Figure 8.2 (a) Daily flows of Grawan Creek anabranch (Y-axis), plotted against the daily time series
at Collarenebri on the Barwon (X-axis), showing a strong relationship between the two
flows; (b) Data up to 1981, presented as cumulative flows; (c) cumulative flow data,
post 1981.
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Tributary flow was generally assessed as that of the most downstream gauging station on the tributary
but with some exceptions. The Upper Barwon region listed in Table 8.1 refers to the Barwon within
the Border Rivers Basin (416) above the confluence with the Moonie River (Basin 417) and is
comprised of several tributaries. Flows from the Castlereagh River were not considered directly as the
Castlereagh enters the Macquarie before the Macquarie enters the Barwon. The outflow from the
Boomi River was estimated as the sum of flows at Neeworra (416028) upstream on the Boomi and at
Gil Gil Creek (416052).
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Goangra

Daily Flow Ml

100000

50000

0
1 Jan 88

14 Mar 89

26 May 90

7 Aug 91

18 Oct 92

30 Dec 93

Time in Days

Figure 8.3 Daily flows near the Namoi/Barwon confluence for the 1988 flood, showing the relative
contribution of the Namoi (Goangra, Station 419026) to be insignificant compared with
the flow on the Barwon River at their junction (Walgett, Station 422001) and upstream of
the junction (Collarenebri, Station 422003).
In the case of the Namoi River the sum of flows at Goangra (419026) in the lower Namoi and
Waminda (419049) on Pian Creek, were used to estimate the Namoi River outflow as the gauging
station further downstream at Walgett (422001) has been discontinued. Pian Creek had missing data
for most of 1972 during an extended dry period. This was recorded as zero flow as there is no
substantial flow in Pian Creek when Goangra flow is below about 5,000 Ml d-1 as it was during this
period. Gaps in Goangra data were filled using Bugilbone flow (419021) with a 3-day time lag. This
relationship holds within a few percent for Bugilbone flow below a threshold of about 5,000 Ml d-1,
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which was not exceeded during the periods of missing data. Filling in the Namoi data in this way
increased cumulative flows by about 2%.
The gap-filled data provided by NSW DLWC for the Namoi outflow was not used in the analysis.
These were obtained by adjusting the Goangra plus Waminda flow to increase the cumulative flow by
about 25% so as to balance water mass at the Namoi/Barwon confluence. This adjustment was made
as a result of calibrating the IQQM model over the period 1987-1991 (Rajendran, pers. comm.).
However, the mass balance discrepancy during this period occurred mainly during the 1988 flood,
when Namoi flow was insignificant (Figure 8.3). This discrepancy must therefore be associated
primarily with Barwon flows and so it does not seem appropriate to add these mass balance errors to
Namoi flow for the rest of the period 1975-1991.

8.4 Relative contributions of all gauged tributaries (1975-1991)
Total flow for each tributary during the period 1975-1991 is shown in Table 8.2. The largest flow
contributors were the Upper Barwon (416001) and the Namoi Rivers, followed by the Culgoa River
(422006). These rivers were responsible for nearly 60% of the total gauged tributary input upstream
of Wilcannia (425008). The Namoi River is of considerable importance contributing 21% of the total
input upstream of Wilcannia and 35% of the tributary flows entering the Barwon upstream of Walgett
(422001).
Two potential problems were encountered when adding up the flows for the Culgoa (422) and Darling
(425) Basins. Firstly, the Narran River flows into Narran Lake and when this overflows water enters
the Barwon River. Data collected in 1988-90 when the lake did not overflow were used to set
indicator gauging levels at Wilby Wilby. On the basis of these indicator gauging levels it was
concluded that water did not overflow from the lake during the period of study. Secondly, several
ungauged streams enter the Darling at the northern end of Basin 425. Part of the drainage area is
gauged at Box Creek (425016) and if it is assumed that drainage into the Darling from the ungauged
area is less than 10 times this flow, then the creeks made no significant contribution during the study
period.
Table 8.2 shows for each mainstream gauging station the tributaries that enter upstream, the
cumulative flow of each tributary, and the cumulative flow measured at the mainstream station. In
general, cumulative flow at the mainstream station differs significantly from the sum of the tributary
flows. Comparison of the last two columns in Table 8.2 illustrates this point. Mass balance errors
calculated as mainstream flow minus the sum of flows from the next station upstream and the flows of
the intervening tributaries, are presented in Table 8.3. A positive value indicates surplus water was
measured at the mainstream station. The sum of mass balance errors up to and including a given
mainstream station is identical to mainstream flow minus the sum of all tributaries upstream.
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Table 8.2 Gauged tributaries and associated mainstream gauging stations, showing total flows over
the common period of record, 1/1/1975-31/12/1991.
Tributary
Mainstream
Tributary
stations
flow:
(x 106 Ml)
Moonie (417001)
Upper Barwon (416001)
Boomi (416028+416052)

Cumulative
tributary
flows (x 106
Ml)

Mainstream
flow
(x 106 Ml)

21.42

21.15

24.17

27.04

37.31

44.79

44.39

50.67

60.18

70.47

63.01

59.12

2.64
13.24
5.54
Mogil Mogil (422004)

Gwydir (418031)
Mehi (418055)

0.38
2.37
Collarenebri (422003)
+ Grawan Ck (422018)

Namoi (419026+419049)

13.14
Walgett (422001)

Macquarie (420005
+421012+ 421011)
Marra (421107)

6.07
1.01
Brewarrina (422002)
+ Cato Ck (422007)

Bokhara (422005)
Culgoa (422006)
Bogan (421023)

1.62
10.14
4.03
Bourke (425003)

Warrego
(423001+423002)
Paroo (424002)

2.00
0.83
Wilcannia (425008) +
Talyawalka Ck
(425018)

Table 8.3 Mass balance discrepancy (positive is surplus at mainstream station), developed over the
common period of record, at the downstream ends of various reaches of the DarlingBarwon River.
Mainstream station
Mogil Mogil
Collarenebri/Grawan
Walgett
Brewarrina/Cato
Bourke
Wilcannia/Talyawalka

Mass balance discrepancy
along reach (x 106 Ml)
-0.27
3.14
4.61
-1.21
4.01
-14.18

Mass balance discrepancy:
% of cumulative flow
-1.26
+13.0
+12.4
-2.73
+6.66
-22.6

The mass balance errors are large enough to create uncertainty regarding the relative contributions of
the tributaries. For example, from the data in Table 8.2 an assessment of the Namoi’s contribution at
Walgett (13.14 x 106 ML) as a percentage of measured Barwon flow at Walgett (44.79 x 106 ML) is
29%. However, if the mass balance discrepancy of 4.61 x 106 ML shown in Table 8.3 is included in
this calculation then the outcome is quite different depending on where the discrepancy is considered
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to occur. If the mass balance discrepancy is taken out of the Barwon at Walgett, then the contribution
of the Namoi River becomes 33%. However, if the discrepancy is put into the Namoi River, then its
contribution at Walgett increases to 40% (it is argued in Appendix A from an analysis of the variation
of mass balance with time that the last of these options is invalid). Similarly, if the mass balance error
at Bourke was put into particular tributaries, rather than the main stream at Bourke, then the Culgoa, as
well as the Namoi, could be ranked more highly than the Upper Barwon as flow contributors to the
Darling-Barwon system.
Figure 8.4 shows the variation of cumulative flow for the various tributaries over the 17-year time
period. The Namoi and Upper Barwon (Figure 8.4) are equal highest contributors at the end of the
period, but their cumulative flows do not remain close and parallel during the period. Instead their
relative importance varies from one flood to another and this raises the possibility that the data set
might be too short to indicate which tributary makes the highest flow contribution over time. A longer
data set spanning 1966-1993 allowed comparison of cumulative flows at Goangra (419026) on the
Namoi River and Mungindi (416001) on the Upper Barwon River, with flows at Walgett. This data
set included the major floods of 1971 and 1974. The proportional contributions over this 27-year
period were nearly identical, suggesting the Upper Barwon and Namoi
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Figure 8.4 Cumulative flows from the various tributaries of the Darling and Barwon Rivers, for the
period of common record, 1/1/1975 to 31/12/1991.
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Rivers rank equally as flow contributors.
Cumulative flow plots for the Upper Barwon (Figure 8.4) and Culgoa show similar structure,
presumably due to the closeness of their catchments, and their ranking is reasonably certain. In
contrast the relative rankings of the contributions of the Macquarie and Boomi Rivers to flow in the
Darling-Barwon River are uncertain because of the very different patterns in cumulative flow,
indicated by the sudden changes in separation between the graphs (Figure 8.4).
The three largest contributors, the Namoi, Upper Barwon and Culgoa Rivers, exhibit marked
‘stop/start’ behaviour. These rivers often run dry, with significant contributions to cumulative flow
occurring in discrete events. Note the three relatively wet periods (1976-78, 1983-85, 1988-91)
account for the bulk of the total flow, with two periods of prolonged drought separating these events
(Figure 8.4). Even during the relatively wet periods the graphs are rather stepped, indicating that very
little flow occurs between the distinct flow events. These events will also dominate sediment
transport, although sediment and nutrient loads are also a function of catchment characteristics
including aridity and run-off intensity. Because of this additional complexity, the relative importance
of the major tributaries for the transport of sediment and nutrients cannot be determined directly from
the analysis of flow contributions, but requires accompanying event-based suspended sediment data.

8.5 Variation of mass balance of water with time
A range of factors can be responsible for mass balance errors. An ungauged tributary or anabranch
considered unimportant during ‘normal’ flow or moderate flood may become important during a large
flood, creating errors in the calculated water balance. Errors may be caused by any systematic
problem in gauging flows. There may be a nett loss of water along a river reach during a flood, when
water flows onto the floodplain and does not return to the river. An occurrence that also has major
implications for sediment and material transport. High abstractions from the main stream for
irrigation or town water supply would have a similar effect, although these losses would be greater
between flood events rather than during them.
The implications of mass balance errors cannot be determined directly from the data shown in Table
8.3 because it is not possible to discriminate between causes of the errors. Despite the difficulties in
obtaining an exact water balance, an analysis of the deviations at various locations over time can yield
insight into system behaviour. The following conclusions have been drawn from an analysis of the
flow data (details in Appendix A).
The gauging data seems to be of high quality and it is not reasonable to postulate large random errors
in the measurement technique to explain the mass balance errors. Consequently there is a need to
explain the mass balance disparities that occur at the different mainstream gauging stations situated
along the Darling River (Table 8.3).
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The data from the gauging station at Mogil Mogil suggests that the significant cumulative negative
water balance error in this region is not due to loss of water to ungauged tributaries or anabranches.
Instead it seems reasonable to assume that there is a nett loss of water from the Upper Barwon to the
floodplain somewhere downstream of Mungindi (Appendix A). This has implications for sediment
transport if there is a nett loss of material to the floodplain, and this may be important even when most
of the water returns to the channel as a flood recedes. However, the assumption of loss by over-bank
flow is not sufficient to explain the whole pattern of variation of water balance with time. Positive
discrepancies in water balance observed during the moderate flow events of 1983, 1984, and 1988 are
consistent with the suggestion that gauging difficulties generally cause over-prediction of flows during
over-bank floods. It is concluded from this analysis that during the main floods nett loss of water to
the floodplain dominates over the tendency to over-predict flows.
At Collarenebri and Walgett, positive water balance discrepancies for moderate to large floods
increase with the magnitude of the flood, with the largest gain occurring during the 1976 flood which
was the largest flood of the period. There appears to be only minor scope for additions from ungauged
tributary flows to account for these discrepancies. The conclusion from analysis of the flow data
(Appendix A) is that the large mass balance errors are most likely due to difficulties inherent in
inferring discharge from stage and surface water velocity during periods of over-bank flows.
The pattern of variation in cumulative mass balance with time is less clear in the river section from
Brewarrina to Bourke. Water was lost at Brewarrina during the three largest events, the 1976, 1984
and 1988 floods, but at other times water was gained. This seems consistent with the hypothesis that
during the main floods nett loss of water to the floodplain dominates over the tendency to over-predict
flows. However, interpretation would be far more certain if the possibility of systematic errors in
estimating flow could be investigated directly.
In contrast to Brewarrina, there were significant gains in water at Bourke (425003) during the flood
events in 1976 and 1983. It appears that the mass balance behaviour does not show a consistent trend
along the main stream. It is unknown whether the river and floodplain morphology in this region
change causing over-bank water to return to the river, but this is one possible cause. This issue might
be resolved by studying digital elevation models of high vertical resolution and by mapping areas
where there is evidence of return flow from the floodplain, such as gullies.
Downstream from Bourke it seems apparent that nett loss of water to the floodplain normally
dominates over any tendency for gauging problems to over-predict flood flows. Analysis of the short
reach from Bourke to Louth for the period 1954-1983 supported this hypothesis. At Louth water was
lost for each major event except the very large flood of 1956 when it is believed that there was
substantial inflow from ungauged tributaries.
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8.6 Sediment transport
There is no comprehensive data set on suspended sediment concentrations in the Darling-Barwon
main stream with which to calculate mass balances for the transport of sediment. However, in studies
conducted on the Murrumbidgee River, turbidity measurements were found to be a reliable surrogate
for suspended sediment concentrations and were used to estimate concentrations in periods when
suspended sediment measurements were not available (Olive et al. 1994; Barnes, pers. comm.). This
suggests the possibility of using turbidity data from the Darling River system to estimate suspended
sediment loads.
Studies on the Murrumbidgee River also demonstrated that cumulative values of ‘turbidity load’
(product of flow and turbidity) at any point could be modelled in terms of two parameters. Firstly qT,
the mean turbidity or suspended sediment concentration, and secondly m, an exponent in an average
sediment rating curve, representing the non-linear dependence of sediment production on discharge
(Barnes, pers. comm.). The model structure was derived from observed relationships between
cumulative discharge and ‘turbidity load’ data and accurately predicted cumulative loads on the
Murrumbidgee River during significant flow events. This modelling approach has also proved
successful on other rivers where suitable data was available, including various tributaries of the
Murray River, and the Fitzroy River. These findings suggest that models of the relationship between
cumulative loads of suspended sediment or turbidity and discharge often require no more than two
parameters to represent the range of behaviour of the observed data, but detailed data is required to
develop the model.
Intensive measurements on the Murrumbidgee River showed that sediment peaks could travel at
different velocities from water flow peaks. This means that sampling over the duration of the whole
hydrograph for a flow event may fail to yield adequate data for computing event-based sediment
transport, due to the offset of the sediment peak in time. Consequently it is not feasible to reliably
estimate or model sediment transport without high frequency sampling of turbidity or suspended
sediment data over a significant range of events. It is not essential to sample periods of low flow with
high frequency due to their small contribution to the load, but sampling frequency must be high
enough to resolve the sediment graph for significant flow events. Daily sampling was found to be
required during major flows on the Murrumbidgee River.
It was not practicable during this study to sample suspended sediment concentrations on a daily basis,
but flow and suspended sediment data were collected at Bourke for the period January 1995 to March
1996 at intervals of between one and two weeks (Figure 8.5). It is evident from the data that weekly to
fortnightly sampling is not sufficient to resolve the sediment graph for the high flow event at the
beginning of the period, or the early part of the flood near the end of the period (Figure 8.5a). The
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Figure 8.5 Flow and suspended sediment concentration at Bourke for (a) January 1995 to March
1996 and; (b) December 1995 to March 1996.
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other two peaks in sediment concentration apparent in Figure 8.5a occur at very low flow rates and
constitute insignificant sediment loads.
In Figure 8.5b, the data for the flood period occurring at the end of the sampling regime is
supplemented by computed sediment concentrations based on daily turbidity measurements and a
relationship between turbidity and suspended sediment. This modelling exercise suggests that daily
measurements are required to provided the necessary detail of sediment transport. The weekly data
does not provide sufficient information for determining the parameters of a simple model of
cumulative sediment load as there is no basis for estimating either mean load or the non-linearity of
response of load to flow. If such data were collected for a continuous period of several years and
included relatively large flow events, then sediment production and transport could be modelled using
flow data as a surrogate, provided river or landscape behaviour did not change.
Figure 8.6 shows total phosphorus concentrations (usually closely related to suspended sediment) in
samples collected by NSW DLWC near the Barwon-Namoi confluence. Again there is difficulty in
resolving peaks for loads of transported material and the lack of resolution limits the soundness of
estimating phosphorus loads from the Namoi. This lack of data cannot be overcome by increased
statistical sophistication. Improved statistical methods could assist only after gaining sufficient
understanding of the structure of high-resolution data so that an appropriate statistical method can be
selected. The data structure appears to be complex, involving at least two phenomena. In addition to
phosphorus transport associated with suspended sediment during high flow events, there appear to be
high phosphorus concentration peaks triggered by minor flow events superimposed on very low flows.
It is speculated that these peaks are associated with release of phosphorus from bottom sediments or
from re-suspension of bottom material. These events, which are very poorly resolved by the data,
could be an important factor contributing to algal blooms.
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Figure 8.6 Total phosphorus (symbols) vs flow (line only) associated with the Barwon-Namoi
confluence for January 1992 to March 1996.
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8.7 Discussion
The objective of this analysis was to develop a water budget for the Darling River system as a basis
for estimating the loads of both suspended particles and particle-associated phosphorus contributed by
the different tributaries. This information is required to enable assessment of the relative importance
of the tributaries as sources of phosphorus and to help identify regions where catchment improvement
works might have the most influence on decreasing phosphorus loads. The ultimate aim is to reduce
the occurrence and severity of algal blooms by reducing the phosphorus supply. The underlying
assumptions implicit in this approach are that the total phosphorus concentration is a reliable estimate
of the phosphorus supply available to support phytoplankton growth, and that sediment tracing is
essentially equivalent to phosphorus tracing. Because it is very difficult to trace the fraction of the
total phosphorus that is available for use by the algae these simplifying assumptions provide a
practical means of developing an initial basin-wide phosphorus budget for impact assessment.
The compilation and analysis of the river flow data identified a number of problems in the flow
gauging. A comparison of cumulative tributary flows with measured flows at main channel gauging
stations showed large discrepancies in the mass balance. In some cases these were large enough to
create uncertainty regarding the relative contributions of particular tributaries. Despite these
uncertainties the relative contributions of the different tributaries to the water supply were estimated
for the period 1975 to 1991 on the basis of the fraction of the cumulative flow at Wilcannia. The
Namoi and Upper Barwon Rivers are ranked equally as the highest flow contributors to the DarlingBarwon, each being responsible for 21% of the cumulative gauged tributary flow at Wilcannia. The
Culgoa River is the third ranked flow contributor providing 16% of the tributary inflow upstream of
Wilcannia. The Macquarie and Boomi Rivers rank next, each contributing approximately 10% to the
cumulative flow. The analysis suggests that the flow ranking of the top three rivers is reliable whereas
the record period is not long enough to distinguish reliably between the Macquarie and Boomi Rivers.
Although relative flows from the major tributaries can be described with reasonable reliability, the
large errors in the water balance calculations make it difficult to estimate actual quantities of water
that have been supplied from the different tributaries. As sediment loads are calculated from the
product of flow volumes and suspended sediment concentrations, the large errors in flow volumes will
lead to large errors in estimates of suspended particle loads and phosphorus loads. This problem is
exacerbated by the fact that large errors in the water balance appear to be due to difficulties inherent in
gauging river flows during periods of floods when over-bank losses of water and sediment occur. It
appears that during minor floods there is a tendency to over predict flows so that water balance errors
are positive, whereas in major floods the nett loss of water to the floodplain dominates over the
tendency to over-predict flows and water balance errors are negative. The data show that this occurs
in the lower part of the Border Rivers Basin and also downstream from Bourke, or perhaps
Brewarrina. As much of the material load is transported during floods, the uncertainty surrounding the
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magnitude of the nett water and sediment losses to the floodplain make it difficult to reliably estimate
suspended sediment and phosphorus loads from these tributaries.
In addition to the difficulties of estimating flows, extensive measurements of suspended sediment
concentrations are not available for the Barwon-Darling system. Based on the results of studies
carried out on the Murrumbidgee River it was anticipated that turbidity measurements could be used
as a surrogate for suspended sediment concentrations. Turbidity measurements are regularly made on
the Darling River at weekly to fortnightly intervals and matching measurements of suspended
sediment concentrations were made for just over a year to correlate the two variables. However,
analysis of this data indicated that daily measurement of turbidity, or suspended sediment
concentrations, are required to estimate particle and phosphorus loads during large flow events.
Similar findings have been reported in studies on the Murrumbidgee River where it was demonstrated
that reliable models of sediment production and transport could be developed provided a sufficient
period of detailed data was available to establish the model. The data collected on the Darling River is
insufficient for this purpose and so the turbidity data could not be used to reliably estimate suspended
sediment loads. A similar problem was evident with the phosphorus data that is collected at the same
frequency as the turbidity data in the monitoring program.
Due to the limitations of the existing data it is not possible to provide direct estimates of suspended
sediment loads or to develop load estimation techniques. Some idea of the relative loads can be
estimated from the water budgets, the flow and catchment characteristics, and a subjective judgement
as to the likely mean concentration of suspended matter in each source during peak flows. The
stepping in the cumulative flow graphs is most extreme for the Culgoa, indicating that flow events are
probably more influential in this river than in the Namoi and Upper Barwon Rivers. The high
domination of flow by major events and the lack of protection by vegetation, either riparian vegetation
or general surface cover in the catchment, suggests that the Culgoa River may contain a higher mean
concentration of sediment when it is flowing strongly. In contrast, rivers like the Macquarie and
Boomi may be considered less important in their contribution of sediment transport because of their
substantially lower flows and less influential flow events. More intensive data is required to improve
this preliminary description.

8.8 Key points
•

Analysis of cumulative flows showed the Namoi and Upper Barwon to be ranked equally as the
highest flow contributors to the Darling-Barwon, each being responsible for 21% of the total
gauged tributary inflow upstream of Wilcannia and 35% of the flow upstream of Walgett. The
Culgoa ranked next contributing 16% of tributary inflow upstream of Wilcannia, and the
Macquarie and Boomi followed with each contributing about 10%.
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Relative flow regimes of similar flow contributors (the Namoi and Barwon upstream of Walgett,
Boomi and Macintyre) may differ substantially over periods of up to several years.

•

Mass balance errors in water transport cause uncertainty regarding quantities of tributary
contributions.

•

It appears that there is nett loss of water to the floodplain in the Namoi and Border Rivers tributary
basins.

•

Existing turbidity and suspended sediment data are not adequate to derive a reliable model of
cumulative sediment load. High-frequency turbidity data is required at several mainstream
stations over a period of several years and including a range of major flow events.

•

Sound comparative load estimates for phosphorus cannot currently be made.

•

With the uncertain magnitudes of nett water and sediment loss to floodplains due to unquantified
systematic over-prediction of flood flows, estimation of the overall transport of sediment and
sediment-bound phosphorus in the Darling-Barwon system is not possible.

•

It is essential to have a sound understanding of the water, sediment and nutrient transport in the
Murray-Darling Basin to provide direction for management strategies.
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Chapter 9 Major element che mistry of sediments from the DarlingBarwon River and its tributaries: Implications for
sediment and phosphorus sources
9.1 Introduction
It is widely believed that recent algal blooms in inland rivers such as the Darling-Barwon are due to
elevated nutrient levels, particularly phosphorus (Verhoeven 1992). Diffuse anthropogenic sources
such as agricultural fertiliser, and point sources such as sewage treatment plants and feedlots, have
traditionally been considered the most likely sources of phosphate (Bek & Robinson 1991). However,
a large proportion of phosphorus in the turbid waters of rivers such as the Darling-Barwon River is
bound to particles (Douglas 1993; Oliver 1993; Martin & Meybeck 1979) and may come from natural
catchment sources. In Chapter 8 an attempt was made to identify major sources of sediment and
associated phosphorus from an analysis of the water budget in the Darling-Barwon River. In this
section, particle composition is used to try and identify sources of sediment from amongst the various
catchments, and by association ascertain the sources of phosphorus. This study has concentrated on
tracing phosphorus associated with the fine suspended sediment (<10µm diameter), which constitutes
about 95% of the sediment load (Woodyer 1978).
The <10µm fraction of sediments in the Darling-Barwon is dominated by clays and quartz, with minor
amounts of feldspar (Woodyer 1978; Douglas 1993). The clays consist mainly of a mix of kaolinite,
smectite and illite. As smectite is produced primarily by the weathering of basic rocks (Deer et al.
1980), its presence in Darling-Barwon sediments signifies a basaltic soil source (Woodyer 1978).
Kaolinite and illite are typically produced by the weathering of feldspars and micas. These minerals
are present in a variety of rock types, so their presence in the Darling-Barwon sediments is not
indicative of any particular parent rock source.
Riley and Taylor (1978) found that about 80% of the wash-load (suspended sediment) in the Barwon
River at Walgett is smectite clay, highlighting the dominance of basaltic soil sources. In a study of the
headwater catchment of the Namoi River, a major tributary to the Darling-Barwon River, Caitcheon et
al. (1995) found that over 80% of the sediment delivered to a downstream reservoir originated from
basaltic soils that covered a third of the catchment. These studies suggest that basalt-derived soil
could be a major source of the suspended sediment and particulate phosphorus in the Darling-Barwon
River. However, a recent study of the strontium isotopes in sediment collected from two locations
along the Darling-Barwon River (Douglas et al. 1995) suggested that the sediment was predominantly
derived from sedimentary and granite rock sources. These conflicting findings require clarification.
In this study the major element chemistry of 96 sediment samples collected from along the river
system is used to estimate the proportion of sediment, and associated phosphorus, derived from
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different soil sources. The contribution from each of the major tributaries is estimated, and the change
in phosphorus concentration in the sediments through time is determined. Conclusions are drawn
about the implications of the findings for algal growth control strategies.

9.2 Catchment Description
The major tributaries of the Darling-Barwon River originate in the eastern uplands, at elevations of up
to 1500 metres. These rivers are single channel, mixed-load streams, whereas in the lowlands they
become suspended load distributary systems on low relief plains (Riley & Taylor 1978). Most water
is delivered from the Macintyre-Boomi Rivers (Upper Barwon) and the Namoi River, followed in
order by the Culgoa, Macquarie-Castlereagh and Bogan Rivers (Chapter 8). There is a strong climatic
gradient across the basin, with the highest rainfalls of 750 mm annum-1 occurring on the uplands at the
eastern edge of the basin and <200 mm annum-1 falling on the dry western plains. There are also eastwest gradients of increasing temperature and solar radiation. In addition, north-south gradients occur
with decreasing temperature, solar radiation, and summer rainfall giving way to increasing winter
rainfall (Walker 1986).
Rock outcrops of tertiary basalt occur in the headwaters of all of the major tributaries of the DarlingBarwon River, with the exception of the Bogan River (Figure 9.1). The original extent of basalt is
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Figure 9.1 The Darling-Barwon catchment, showing the extent of basalt outcrop (black), the drainage
network and river sampling locations (dots).
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unknown, but it is likely to have been much more extensive than the highly dissected material that
presently constitutes about 27% of the outcropping rock in the eastern uplands of the major tributaries.
The remaining outcropping material on the eastern margin of the Darling-Barwon Basin is
sedimentary, low grade metamorphic and acid to intermediate igneous rocks of Permian to Silurian
age. West of the uplands areas are extensive alluvial floodplains.
The general nature and distribution of the soils in the Darling-Barwon Basin have been reviewed by
several authors (Butler & Hubble 1978; Hubble & Isbell 1983; Butler et al. 1983). In summary, clays
in soils to the north and west of the basin are predominantly kaolinite and illite, derived mainly from
the deeply weathered Cretaceous and Tertiary rocks of southern Queensland. Soils in the Namoi and
Gwydir catchments contain substantially more smectite derived from the weathering of the basalt rock
that outcrops in the uplands of these catchments. In contrast, the Macquarie-Castlereagh and Bogan
basins contain little or no basalt in their upland catchments and the soils are dominated by red-brown
earths in which the major clay minerals are kaolinite and illite.

9.3 Sample Collection and Treatment
Three groups of sediment samples were collected and analysed. Firstly, sediment source areas were
sampled to determine the major element concentrations in particles derived from soils developed on
each of the major rock types in the Darling-Barwon Basin. This was accomplished by collecting
deposited sediment samples from stream channels draining sub-catchments that contained only basalt,
granite, or sedimentary rocks. The advantage of collecting sediment, rather than soil samples, is that
sediment transport processes tend to average out local source area heterogeneity.
The second group involved collecting river sediment samples from along the main channel of the
Darling-Barwon and its tributaries to determine the major element concentrations. On three occasions
(December 1991, June & October 1993) suspended sediment samples were collected from sites along
the Darling-Barwon and its major tributaries using a continuous flow centrifuge (Alfa Laval model
M102b). Sampling locations are shown in Figure 9.1. Local volunteers participating in the NSW
Department of Land and Water Conservationís ëRiverwatchí Program also collected additional
suspended sediment samples at 15 locations along the river system. In late 1994, after there had been
minimal flow for several months, suspended sediment sampling was augmented with mud samples
collected from recent in-channel deposits on major tributaries and along the Darling-Barwon upstream
and downstream of the tributary confluences.
Finally, sediment core sampling was undertaken to investigate historical changes in the sources of
sediment or sediment phosphorus concentrations through time. A new approach for dating recently
deposited sediment was developed to determine the burial age of sediment in the core samples. Cores
were collected from a flood bench on the Barwon River upstream of the Namoi confluence, from an
in-filled channel and a concave bench on the Barwon River downstream of the Namoi confluence, and
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from a low bench within the main Namoi River channel upstream of the Barwon confluence. All of
the core sites are below the bank full level and are inundated during floods.

9.4 Analyses
9.4.1 Major element chemistry
All samples were treated in an ultrasonic bath to disperse the particles, and then fractionated by
settling in a water column to recover the <10µm fraction (clay and very fine silt). This is the fraction
that will contain most of the particle-associated phosphorus, and it is the dominant sediment size
fraction in the Darling-Barwon River. Following lithium borate digestion (Norrish & Hutton 1969;
Norrish & Chappell 1977), major element concentrations of the <10µm sediment fractions were
determined on a Phillips PW1404 X-ray fluorescence (XRF) spectrometer at the CSIRO Division of
Plant Industry's Canberra laboratory. The average major element concentrations in the sediment
samples are presented in Table 9.1.
9.4.2 Dating of the sediment cores
Sediment cores were dated using Optically Stimulated Luminescence (OSL). Full details of the
method are given in Olley et al. (1998). OSL can be used to date the last time buried sediment grains
were exposed to sunlight. OSL dating makes use of the fact that sunlight releases the natural energy
stored as trapped electrons in the crystal lattice of grains of quartz and feldspar. The release of trapped
electrons by light-stimulation resets the OSL signal to zero. When the grains are buried away from
sunlight, they begin to accumulate trapped electrons due to the effect of ionizing radiation coming
from the natural radioactivity present in the sediment. The burial time can be determined by
measuring the amount of stored electron energy in the grains and the amount of ionizing radiation in
the sediment.
OSL has been widely used to successfully date aeolian and coastal sediments (Huntley et al. 1985;
Stokes & Rhodes 1989; Stokes 1992; Ollerhead et al. 1994; Berger 1995; Duller 1996). These
sediments typically have a long exposure to sunlight prior to deposition and consequently their OSL
signal is fully zeroed at the time of deposition. However, in fluvial and colluvial depositional
environments the OSL signal of sediments is much less likely to be fully zeroed by exposure to
sunlight prior to deposition (Li 1994; Berger 1995; Rhodes & Pownall 1994; Murray et al.1995; Olley
et al. 1998). Due to the incomplete, or heterogeneous zeroing of fluvial sediment grains, a
measurement of palaeodose in a large number of grains (eg. >1000), using either single or multiple
aliquots, is likely to produce an overestimate of the true burial dose (Lamothe et al. 1994; Huntley &
Berger 1995; Olley et al. 1998). Therefore estimates of age must be based on measurements of single
aliquots that contain a small number of grains.
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Table 9.1 Average major element concentrations of the <10µm fraction of sediment samples collected from along the main channel of the Darling-Barwon
River and from each of the source rock areas. Data reported as mean weight percent oxide calculated on an organic free basis and standard error
(se).
_________________________________________________________________________________________________________________________________________
MgO se
Al203 se
SiO2 se P205
se
K20
se CaO se TiO2
se Mn2O4 se
Fe2O3 se CIA se
n
Na20 se
Main
96
0.92 0.05
1.70 0.04
20.2 0.3
64.5 0.4 0.153 0.003
1.56 0.03 1.078 0.018 1.28 0.01 0.133 0.003
8.35 0.13 79.6 0.3
Basalt 15
0.85 0.06
4.39 0.13
21.1 0.5
53.8 0.6 0.52 0.03
1.05 0.06 3.87 0.25 1.91 0.08 0.20 0.02
12.11 0.38 72.3 0.9
Granite 15
1.17 0.07
1.84 0.20
19.1 0.6
64.2 0.9 0.33 0.04
2.36 0.22 1.67 0.22 1.18 0.05 0.29 0.09
7.54 0.56 73.2 1.0
Sediment25
1.27 0.05
2.16 0.14
19.0 0.5
63.5 0.8 0.29 0.02
2.13 0.09 1.93 0.14 1.13 0.03 0.23 0.02
8.11 0.28 72.0 0.9
_________________________________________________________________________________________________________________________________________

Table 9.2 Summary of the major element data from the <10µm fraction of sediment samples collected from along the main channel of the Darling-Barwon
River and its tributaries. Data reported as mean weight percent oxide calculated on an organic free basis and standard error (se). Reach 1 is
downstream of Reach 2 and the Warrego, Reach 2 is upstream of the Warrego and downstream of the Bogan, Culgoa and Reach 3 and so forth.
_________________________________________________________________________________________________________________________________________
n
Na20 se
MgO se
Al203 se
SiO2 se P205
se
K20
se CaO se TiO2
se Mn2O4 se
Fe2O3 se CIA se
Reach 1 7
0.94 0.15
1.79 0.06
20.0 0.8
64.8 1.2 0.167 0.005
1.87 0.04 1.16 0.08 1.23 0.03 0.158 0.031
7.7
0.3 77.9 1.1
0.40 0.02
1.60 0.04
21.7 0.2
63.9 0.4 0.131 0.004
1.85 0.03 1.02 0.04 1.180 0.011 0.070 0.007
7.96 0.13 82.8 0.3
Warrego 5
Reach 2 27
0.94 0.08
1.73 0.07
20.4 0.6
64.3 1.0 0.158 0.005
1.57 0.05 1.05 0.03 1.22 0.015 0.119 0.005
8.4
0.3 79.6 0.5
0.65 0.03
1.44 0.06
19.6 0.6
66.2 1.0 0.159 0.007
2.23 0.05 0.85 0.05 1.22 0.03 0.118 0.009
7.5
0.3 75.4 0.2
Bogan 7
0.39 0.02
1.50 0.03
21.1 0.3
65.0 0.4 0.135 0.003
1.56 0.07 1.00 0.01 1.365 0.016 0.059 0.004
7.85 0.11 76.3 0.3
Culgoa 5
Reach 3 15
0.76 0.04
1.75 0.06
20.3 0.4
63.9 0.6 0.169 0.005
1.69 0.07 1.12 0.03 1.33 0.02 0.136 0.006
8.70 0.19 79.8 0.5
0.70 0.04
1.52 0.05
18.8 0.4
66.5 0.6 0.171 0.014
2.08 0.07 1.01 0.02 1.29 0.03 0.177 0.006
7.6 0.18 78.6 0.4
Macquar.7
Reach 4 23
0.88 0.03
1.83 0.05
20.7 0.5
63.4 0.7 0.158 0.006
1.48 0.06 1.19 0.03 1.27 0.02 0.135 0.005
8.9
0.2 79.7 0.5
1.14 0.08
2.09 0.07
19.5 0.4
63.6 0.7 0.196 0.007
1.60 0.04 1.36 0.05 1.305 0.019 0.135 0.010
8.8
0.2 83.6 0.4
Namoi 15
Reach 5 16
1.0 0.2
1.53 0.10
20.1 0.8
65.4 1.2 0.121 0.003
1.53 0.08 0.98 0.04 1.34 0.02 0.139 0.008
7.9
0.3 79.7 1.0
1.03 0.05
1.78 0.03
18.6 0.14 65.9 0.3 0.137 0.007
1.83 0.02 1.30 0.03 1.238 0.014 0.110 0.006
8.02 0.15 79.6 0.4
Gwydir 6
Reach 6 8
1.1 0.3
1.37 0.16
18.8 1.1
67.5 2.0 0.142 0.009
1.37 0.10 0.90 0.07 1.38 0.02 0.134 0.012
7.3
0.5 79.6 1.4
_________________________________________________________________________________________________________________________________________

9-5

Chapter 9

Sediment and phosphorus sources: implications from sediment geochemistry

When this study began, no proven single-aliquot protocol was available to date recently deposited
quartz (<100 years). A technique was devised for using OSL to estimate palaeodose based on a simple
regeneration protocol (Murray et al. 1995), in which the ratio of the natural OSL to the regenerated
OSL is multiplied by the applied regeneration dose. The deposition ages were calculated from the
lowest 5% of dose measured in small aliquots of each sample, and the dose rate determined from the
radionuclide concentrations of the sediments and estimates of the cosmic ray flux. Using this
technique a 70 year old deposit in the Murrumbidgee River was dated to 64 ± 7 years (Olley et al.
1998).

9.5 Source characterisation
The mean concentrations of major elements are similar in the <10µm fraction of sediments collected
from upland streams draining sub-catchments containing either sedimentary or granitic rock (Table
9.1). The significant overlap of major element concentrations precluded distinguishing between these
two sources of sediment. Consequently, in all subsequent discussion, the data sets for these source
rock types are combined. Major element concentrations for the <10µm sediment fractions collected
from both basalt and granite-sedimentary areas are presented in Figure 9.2. Concentrations of MgO,
P2O5, CaO, TiO2 and Fe2O3 are generally higher in the sediment derived from the basalt rock (Figure
9.2b, d, f, g & i), while concentrations of SiO2 and K2O are significantly lower (Figure 9.2).

The chemical index of alteration (CIA) of these sediments is calculated as:

CIA =

Al 2 O3
CaO + Na 2 O + K 2 O + Al 2 O3
*

where concentrations are in molecular proportions, and CaO* represents Ca in the silicate
fraction
only. The CIA is plotted against SiO2 concentrations in Figure 9.2j. The index indicates the
degree of
weathering that alumino-silicate minerals have undergone (McLennan 1993). Unweathered
aluminosilicate
minerals have CIA values of about 0.50, whereas clay minerals typically have values of 0.751.0. Many of the sediment samples collected from headwater catchments have relatively low CIA
values (0.65-0.75), indicating that they still contain a significant amount of not fully weathered,
residual, feldspars and other alumino-silicates.
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Figure 9.2 Major element concentrations in sediment samples collected from the basalt source areas
(closed circles), the sediment-granite source areas (closed triangles) and the main channel
of the Darling-Barwon River (open circles).
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9.6 Major element chemistry of the Darling-Barwon channel sediments
Major element concentrations in the <10 µm fraction of 96 sediment samples collected from along the
main channel of the Darling-Barwon River are plotted in Figure 9.2, and summarised in Table 9.1.
About 93% of the major element composition is accounted for by SiO2, Al2O3 and Fe2O3. In general
the concentrations of major elements in the river sediments are consistent with the range of values
measured in sediments collected from the sedimentary-granite source areas (Figure 9.3a). However,
concentrations of Na2O, CaO, K2O, Mn3O5 and P2O5 generally tend to be lower in material from the
source areas (Figure 9.3a). The mean CIA of the Darling-Barwon sediments is 0.796 ± 0.003 (Table
9.1), indicating that they are highly weathered and do not contain a significant amount of residual
feldspars, unlike the headwater catchment sediments examined in the previous section. The critical
implication here is that the sediments currently in transport in the Darling-Barwon River do not
originate from contemporary upland erosion, but are probably derived from lowland areas of the
catchment that contain more weathered sediment.

5
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Figure 9.3 Ratio of the average major element concentrations in sediments collected from the
Darling-Barwon River and sediments collected from: (a) the sedimentary-granite (open
circle) and basalt source areas (closed circles) and, (b) the more weathered samples (CIA
>0.76) of sedimentary-granite derived sediments.
The major element concentrations in more weathered sediment samples (CIA >0.76) derived from
predominantly sedimentary-granite sources were compared with those measured in sediments
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collected from the Darling-Barwon River (Figure 9.3b). With the exception of K2O and P2O5,
concentrations of all the major elements measured in the highly weathered source sediments are
consistent with those present in the river sediments. Continued weathering could be expected to lower
both the K2O and P2O5 in the headwater sediments. Consequently it is reasonable to conclude that the
major element chemistry of sediment samples collected from the Darling-Barwon River is consistent
with them being derived from highly weathered materials initially derived from the sedimentarygranite source areas, and that the basalt contribution to these sediments must be small (<5%).

9.7 Major element chemistry of the tributaries and their associated main
channel reaches
The mean content for major elements in the <10µm fraction of sediments collected from each of the
major Darling-Barwon tributaries are given in Table 9.2 (page 9-5). For comparison, the main channel
data have been separated into reaches upstream and downstream of each of the major tributaries and
each reach numbered as described in Table 9.2. The percentage contribution of sediment from each
tributary to the Darling-Barwon has been estimated using the following mixing equation:
AiX + BiY = Cm

(9.2)

where X is the relative contribution from the upstream reach, and Y is the contribution from the
tributary, such that X + Y=1 and both X and Y are >0. Ai and Bi are the measured major element
concentrations i of the two reaches upstream of the confluence, and Cm is the calculated downstream
concentration. The best estimate of the relative sediment contribution from each tributary is obtained
by minimising the sum of the squares of the deviation of the calculated downstream concentration Cm,
from the measured concentration Ci:

 Cm − Ci 


∑
Ci

i =1 
n

2

(9.3)

To estimate the relative sediment contribution from a tributary all of the major element data was
included in the calculation. This approach is similar to that used by Collins et al.(1998). An estimate
of the sediment contribution made by each tributary to the reach of the Darling-Barwon River
immediately downstream of its confluence was calculated from the data presented in Table 9.2. This
indicated that at the time of sampling the Gwydir River contributed 30 ± 5% to its downstream reach,
the Namoi between 40-50%, the Macquarie-Castlereagh 30 ± 5% and the Warrego <10%. As the
Bogan and Culgoa rivers enter the Darling-Barwon in the same reach, a third term was added into the
above model to estimate their combined contribution as <5%.
These relative loads were used to estimate the contribution of each tributary to the total sediment load
downstream at Bourke. The analysis shows that between 1991 and 1994, when the samples were
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collected, the major contributors of sediment to the Darling River at Bourke in order of importance
are, the Namoi River (~30%), the Macquarie-Castlereagh River (~30%), the Border Rivers upstream
of Reach 6 (Macintyre and Boomi, ~20%), the Gwydir River (~10%) and the Culgoa and Bogan
Rivers (<5%). These estimates contrast sharply with the long-term water loads at Bourke contributed
by each of these systems. Using the water budget data in Chapter 8 (Table 8.2) the relative water
contributions are, the Namoi River (19%), the Macquarie-Castlereagh River (10%), the Border rivers
upstream of Reach 6 (30%), the Gwydir River (4%) and the Culgoa and Bogan Rivers (22%). The
lack of correspondence between the water and sediment loads may be due to the different time frames
of measurement or may indicate catchment differences in suspended loads.

9.8 Phosphorus concentrations
Average sediment phosphorus concentrations (weight percent (wt%) P2O5) in the <10 µm fractions of
sediment samples collected from each of the defined reaches in the main channel and the tributaries
are reported in Table 9.2, and plotted in Figure 9.4. Concentrations in Reaches 5 and 6 are similar at
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Figure 9.4 Average P2O5 concentrations in the <10µm fraction of sediments collected from each of
the major tributaries (open circles) and from the defined reaches (closed circles) along the
main channel of the Darling-Barwon Rivers as a function of river distance upstream of
Wentworth. Numbers refer to mainstream reaches identified in Table 9.2. Error bars
represent one standard error from the mean. Tributary data from, Gwydir (G), Namoi
(N), Macquarie-Castlereagh (Mac), Bogan (B), Culgoa (C) and Warrego (W) data.
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0.121 ± 0.003 and 0.142 ± 0.009 wt% P2O5 respectively. Average phosphorus concentrations in
Reaches 1 to 4 are consistent (mean 0.165 ± 0.004), but significantly higher than those in Reaches 5
and 6. This increase in phosphorus concentration in the main channel occurs below the Namoi River
confluence. Concentrations in the Namoi are higher than in the main channel, the mean being 0.196 ±
0.007 (n = 15). Average concentrations in the Darling-Barwon above and below the Namoi junction
are 0.121 ± 0.003%, and 0.158 ± 0.006% respectively. The change in P2O5 concentration indicates a
contribution of ca. 49% from the Namoi River to the downstream reach, and is consistent with the
sediment contribution estimated at Bourke when water contributions are accounted for. This confirms
that the Namoi River makes a significant contribution of sediment-associated phosphorus to the
Darling-Barwon River, based on contemporary sediment samples.

9.9 Temporal variations in the sediment and phosphorus contributions of the
Namoi River
Data from sediment samples collected at the Namoi confluence between 1991 and 1994 indicate that
over this period the Namoi contributed a significant fraction (40-50%) of the sediment and phosphorus
to the downstream reach (Reach 4) of the Darling-Barwon River. This outcome agrees with results
given in recent New South Wales Department of Land and Water Conservation reports (Daly 1994;
Houldsworth 1995). In order to determine the constancy of these results through time sediment core
samples were collected on the Darling-Barwon River from a broad bench below bank-full level
upstream of the Namoi confluence, and from an infilled channel and a concave bench downstream of
the confluence. A sediment core sample was also obtained from a low bench within the Namoi River
channel. These cores all consisted of uniform grey clay devoid of sedimentary structures. Sand
dispersed in the clay matrix varied from about 5-15% by weight. Quartz extracted from the cores was
dated by OSL as described earlier. Major element data from the cores are presented in Table 9.3,
together with the OSL chronology.
Table 9.3 Major element concentrations in the <10µm fraction of sediment samples from cores
collected near the confluence of the Namoi and Darling-Barwon Rivers. Data is reported
as weight % oxide calculated on an organic free basis. Means and standard errors (se) for
the cores are shown at the bottom of the table.
Depth
(cm)

Na20% MgO
%

Al203
%

SiO2
%

Upstream of confluence
0
0.77
1.56
10
0.69
1.71
20
0.72
1.64
30
0.71
1.62
40
0.70
1.73
50
0.80
1.64
60
0.73
1.62

19.93
20.69
20.42
20.20
20.42
19.91
20.04

65.57
64.51
65.00
65.11
64.55
65.39
65.29

P2O5% K20
%
0.16
0.15
0.14
0.16
0.14
0.13
0.14

1.57
1.45
1.56
1.46
1.56
1.51
1.56

CaO
%

TiO2
%

Mn304
%

FE203
%

OSL
Age
(yrs)

se

1.09
1.16
1.16
1.13
1.14
1.15
1.16

1.32
1.30
1.29
1.32
1.34
1.32
1.33

0.13
0.14
0.14
0.22
0.19
0.13
0.12

7.81
8.13
7.86
8.03
8.20
7.95
7.97

52

7

64

7
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70
0.75
1.74
80
0.78
1.72
90
0.68
1.62
100
0.74
1.65
110
0.74
1.67
120
0.77
1.74
Namoi River
0
0.84
2.25
10
0.83
2.18
20
0.89
2.20
30
0.82
2.29
40
0.82
2.17
50
0.80
2.24
60
0.80
2.30
Downstream 1 ëConcave benchí
2.5
0.71
1.92
52.5
0.61
1.83
102.5
0.57
1.87
152.5
0.64
1.89
202.5
0.66
1.93
242.5
0.59
1.83
302.5
0.60
1.87
327
0.64
1.90
377.5
0.63
1.95
Downstream 2 ëInfilled channelî
0
0.82
1.59
10
0.78
1.67
20
0.78
1.68
30
0.82
1.73
40
0.79
1.68
50
0.81
1.57
60
0.96
1.68
70
0.82
1.65
80
0.79
1.74
90
0.83
1.68
100
0.88
1.62
110
0.81
1.56
Mean values
Upstream
Mean
0.738 1.67
Se
0.010 0.02
Namoi
Mean
0.830 2.23
Se
0.012 0.02
Down-stream
Mean
0.74
1.75
Se
0.02
0.03

20.57
20.15
20.58
21.10
21.20
20.58

64.26
64.40
64.33
63.51
63.50
63.68

0.14
0.15
0.15
0.15
0.14
0.14

1.52
1.53
1.45
1.33
1.47
1.42

1.22
1.21
1.20
1.23
1.22
1.21

1.38
1.33
1.40
1.40
1.39
1.43

0.09
0.24
0.17
0.25
0.09
0.16

8.27
8.42
8.37
8.57
8.53
8.79

20.18
20.64
20.28
20.67
19.83
20.36
20.49

62.59
62.45
62.72
62.07
63.24
62.63
62.36

0.22
0.20
0.17
0.16
0.14
0.16
0.16

1.72
1.62
1.77
1.66
1.62
1.61
1.64

1.44
1.39
1.40
1.47
1.47
1.48
1.49

1.31
1.27
1.34
1.29
1.34
1.28
1.26

0.15
0.13
0.10
0.15
0.15
0.11
0.12

9.22
9.24
9.08
9.39
9.18
9.28
9.34

20.19
20.86
21.05
20.84
21.02
20.84
20.68
20.35
20.26

63.74
63.73
63.25
63.32
62.88
63.88
63.31
63.84
63.57

0.17
0.14
0.15
0.16
0.15
0.14
0.17
0.15
0.15

1.61
1.56
1.63
1.75
1.53
1.39
1.70
1.69
1.65

1.28
1.10
1.10
1.13
1.18
1.12
1.19
1.19
1.20

1.38
1.37
1.37
1.34
1.40
1.38
1.34
1.37
1.38

0.11
0.12
0.11
0.14
0.09
0.07
0.13
0.09
0.17

8.82
8.64
8.86
8.77
9.12
8.71
8.96
8.75
9.00

21.67
21.12
20.25
20.14
20.15
20.04
19.83
19.86
20.30
20.49
20.15
19.98

63.77
63.54
64.24
64.27
64.12
64.87
64.93
64.95
64.50
64.45
64.80
65.06

0.16
0.17
0.17
0.19
0.19
0.17
0.15
0.18
0.16
0.14
0.15
0.15

1.64
1.81
1.73
1.68
1.67
1.73
1.75
1.71
1.75
1.71
1.77
1.76

1.07
1.12
1.15
1.16
1.18
1.17
1.29
1.15
1.20
1.16
1.12
1.10

1.27
1.30
1.39
1.40
1.31
1.26
1.28
1.32
1.30
1.36
1.36
1.30

0.07
0.09
0.09
0.10
0.10
0.15
0.09
0.10
0.09
0.07
0.10
0.11

7.85
8.36
8.48
8.48
8.78
8.19
7.93
8.22
8.11
8.05
8.00
8.14

20.45
0.11

64.55
0.19

0.145
0.002

1.49
0.02

1.176
0.012

1.351
0.013

0.159
0.014

8.22
0.08

20.35
0.11

62.58
0.14

0.174
0.011

1.66
0.02

1.448
0.015

1.300
0.012

0.132
0.008

9.25
0.04

20.48
0.11

64.05
0.14

0.159
0.003

1.68
0.02

1.158
0.012

1.342
0.010

0.104
0.006

8.49
0.09

132

12

22
10

3
4

83

9

90
146

9
17

2

20

104

16

287

30

61

20

195

20

223

10

There is little depth variation in the concentrations of major elements down the cores collected from
the Barwon River upstream and downstream of the Namoi confluence. The earliest dates on the
upstream and downstream cores are 132 ± 12 and 287 ± 30 years before present respectively. The
constancy of the major element concentrations down the cores indicates that the source of the
sediment has not varied significantly during the time that sediment has accumulated at the coring sites.
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The phosphorus concentration (P2O5) in sediment samples taken from different depths in the upstream
and downstream cores are plotted against time of deposition in Figure 9.5a and compared with
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Figure 9.5 Phosphorus concentrations in sediments associated with time of deposition from cores
collected (a) upstream and downstream on the Barwon River and, (b) the Namoi River
near their confluence. Phosphorus data from the source area samples (closed triangles
plotted at right of graph) are shown for comparison. Closed circles plotted at zero years
are the mean contemporary sediment P2O5 concentrations from (a) the upstream and
downstream reaches of the Barwon, and (b) the Namoi tributary.
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phosphorus concentrations in soil samples taken from the headwaters. The phosphorus concentrations
in the core sediments are significantly lower than most of the headwater sediment samples, and do not
vary significantly down the two cores. The concentrations in the cores are consistent with
concentrations in all of the contemporary sediment samples collected from the Barwon River
downstream of the Namoi junction, but higher than contemporary sediments collected from the
upstream reach (Figure 9.4 & Figure 9.5a).
Given that the cores represent sediment deposited over the last 280 years, the lack of significant downcore variations in phosphorus suggests that concentrations in the main channel have remained constant
over this period. The implication of this is that European land management practices have not
significantly affected the concentrations of sediment-associated phosphorus in the Darling-Barwon, at
least along the sampled reach. This should not be taken to imply that the land management practises
have not influenced the extent of sediment delivery into the system or altered the concentration of
dissolved phosphorus that enters the system.
Except for phosphorus, major element concentrations do not vary significantly down the core collected
from the Namoi River (Table 9.3). Phosphorus concentrations increase significantly towards the top
of the core and are evident in a plot of sediment phosphorus concentrations against time of deposition
(Figure 9.5b). This indicates that concentrations in the core increased about 10-20 years ago from a
mean of 0.157 ± 0.004 wt%, to about 0.21 wt%, a concentration consistent with those found in
contemporary sediments collected from the lower Namoi River.
Average concentrations of the major elements in each of the sediment cores (Table 9.3) were used in
conjunction with the mixing model (Equation 9.2) to estimate the contribution of the Namoi River to
the Darling-Barwon over the time that sediment has been deposited at the core sites. The estimated
contribution of the Namoi has averaged 20 ± 5%. So while the analyses of contemporary sediment
contributions from the Namoi River indicate it may be as high as 50%, the core data indicate that the
long term average may be much less than this. It is believed that the higher contribution from the
Namoi in recent times may be due to the drought conditions that have prevailed for the last few years.

9.10 The influence of flow conditions on the relative contribution of the Namoi
River
The difference between the historic and contemporary estimates of relative sediment deposition in the
Darling-Barwon River just below the confluence of the Namoi could be due to changes in the flow
regime. Figure 9.6 shows cumulative flow in the Namoi River and the Barwon upstream and
downstream of the confluence for the period January 1989 to December 1993. It is apparent that the
Namoi River is the dominant source of water from January 1991 onwards and supplies ca. 70% of the
water volume between 1991 and 1993. However, this is not typical of the long-term situation, with the
proportion of flow between 1975 and 1991 coming 65% from the Barwon River above the confluence
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Figure 9.6 Flow in the Namoi River and the Barwon upstream and downstream of the confluence for
the period January 1988 to December 1993.
and 35% from the Namoi River (Table 8.2). All of the contemporary sediment samples were collected
during a period when the Namoi River was the dominant source of water yet despite this, it only
contributed about 40% of the sediment. This suggests that for typical flow conditions, when the
Barwon contributes ca. 65% of the water volume, the Namoi would make a much smaller sediment
contribution, ca. 20%, which matches that indicated by the core data.
This conclusion illustrates an important point. In river systems such as the Darling-Barwon that have
highly variable flow regimes, the source of sediments and associated nutrients may also be highly
variable, so any study of sediment movement in the system will be biased by the prevailing flow
conditions. Therefore, it is important to measure and date sediment cores that contain a long-term
record.

9.11 Key points
•

A number of previous studies have reported that the fine sediment transported by the DarlingBarwon River consists primarily of smectitic clays (Riley & Taylor 1978; Woodyer 1978) derived
from the weathering of upland basalts. In contrast, other studies have suggested that basalt is a
minor component (Douglas et al. 1995). The major element chemistry of the <10 µm fraction
from 96 samples collected from along the river is consistent with the sediments being derived
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predominantly from weathered granite and sedimentary rock sources. The basalt-derived
component is less than <5%.
•

The degree of weathering of the transported sediment indicates that it does not originate from
contemporary upland erosion but is derived from lowland areas containing more weathered
material. The particle-associated phosphorus concentrations in the main channel are not high
given the degree of weathering of the sediments.

•

Data on major element composition indicates that the dominant contemporary sources of sediment
in the main channel at Bourke are, in order of importance, the Namoi River (~30%), the
Macquarie-Castlereagh River (~30%), the Border Rivers (Reach 6, Macintyre & Boomi, ~20%),
and the Gwydir River (~10%).

•

Analyses of contemporary sediment-bound phosphorus concentrations and sediment geochemistry
indicate that the Namoi River contributes ca. 49% of particle phosphorus and 40-50% of the
sediment to the river reach immediately downstream of its confluence with the Darling-Barwon
River.

•

Contemporary sediment data indicates that the Namoi River is currently a significant source of
both sediment (40-50%) and phosphorus (~49%) immediately downstream of its confluence with
the Darling-Barwon River. However, analysis of data from sediment cores near the confluence
indicates that its long term contribution has probably been much less, averaging ca. 20%.

•

Sediment cores from the Darling-Barwon River upstream and downstream of the confluence with
the Namoi River indicate that sources of sediment and phosphorus have not varied significantly
during the time of sediment accumulation (ca. 130-280 years). In contrast, a sediment core taken
from the Namoi River suggests that the amount of phosphorus on particles increased ca. 10-20
years ago.

•

Transport of sediment and its associated phosphorus depends on the prevailing flow conditions,
and in river systems such as the Darling-Barwon that have a highly variable flow regime, the
source of transported material may also be highly variable. Long-term records are required to
assess the relative impact of tributary systems over time and can be provided by sediment cores.
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Chapter 10 The contribution of different erosion sources to the
fine grained sediment in the Darling-Barwon river
system
10.1 Introduction
A proportion of soil eroded from slopes and channels enters streams where it may adversely impact
on river environments (Walling 1988). Impacts include higher levels of turbidity and increased
concentrations of sediment associated nutrients such as phosphorus. If management strategies are
being developed to reduce the delivery of sediment-associated nutrients to rivers, then the sediment
sources need to be identified so that problem areas can be effectively targeted. This chapter reports
on the use of fallout radionuclides as tracers to determine which land use or land form types are the
predominant sources of sediment delivered to the waterways of the Darling-Barwon river system.
The major land uses within the catchment are pasture, rangelands and forests. These land uses
occupy 95% of the total basin area while cropping occurs in the remaining 5% of the basin (Peter
Crabb pers. comm.). Pasture and rangelands are ubiquitous throughout the western and northwestern
tributaries (eg Paroo River, Figure 8.1). Extensive grazing also occurs within the sandy and black soil
plains of the northern tributaries (Warrego, Culgoa, & Macintyre Rivers, Figure 8.1), and extends
through the eastern and southeastern catchments (Gwydir, Namoi, Castlereagh, & Bogan Rivers,
Figure 8.1). However, within these broader areas are localised regions of intensive agriculture for
cotton, wheat, and cereals, such as in the Liverpool Plains (Namoi basin) and the Darling Downs near
Toowoomba (Condamine catchment). Sediment yields from cultivated land have been measured at up
to 780 t km-2 yr-1 from Gunnedah (Edwards 1980) and as high as 5,300 t km-2 yr-1 from within the
Darling Downs (Ciesolka & Freebairn 1982). However, most of this sediment is probably deposited
before reaching the trunk streams (Olive & Reiger 1986).
In addition to surface soil erosion, the catchment is also significantly channellised. Major sections of
slumping and bank collapse have occurred along the main river channel from Mungindi on the
Queensland/NSW border to its confluence with the Murray River about 2000 kilometres downstream
(Thoms et al. 1996). The western and northwestern regions are characterised by wind deflation and
gully erosion of the clay pans to 2-3 metres depth. Significant gully networks also exist within first
and second order streams of the eastern perimeter of the basin, including the headwaters of the
Liverpool Ranges in the Namoi, and the Macintyre, Gwydir, and Macquarie basins.

10.2 Fallout tracer methods for calculating the depth origin of sediments
The sources of suspended sediments can be identified by using a variety of tracers including particle
properties such as mineral magnetics, major and minor element composition (Chapter 9) and
radionuclide concentrations (Wall & Wilding 1976; Oldfield et al. 1979; Peart & Walling 1986; Olley
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et al. 1993). Radioisotopes of caesium (137Cs) and lead (210Pb) have been used as tracers of soils and
sediments in a variety of geomorphic settings (Peart & Walling 1986; Wasson 1987; Loughran 1982;
Wallbrink & Murray 1993, 1998; Walling et al. 1993; Hutchinson 1995).
Atmospheric fallout 210Pb (half-life 22 years), also known as 210Pb excess (210Pbex), is generated from
the decay of radon (222Rn) in the atmosphere. Radon is a gaseous intermediate decay daughter of
radium (226Ra) that occurs naturally in soils. Radon that is formed in soils diffuses into the
atmosphere where it decays through a series of short-lived daughters to 210Pb. This nuclide is then
continually precipitated on the soil surface, mainly by rainfall. The 210Pbex is defined as the excess of
210

Pb activity over its parent 226Ra. In uncultivated, undisturbed soils, maximum concentrations of

210

Pbex are usually found at the surface, decreasing exponentially with depth and are typically

undetectable at depths of >10 centimetres (Fisenne 1968; Nozaki et al. 1978; Matthews & Potipin
1985; Wallbrink et al. 1993). In cultivated soils 210Pbex is distributed deeper into the soil by
ploughing. The surface layers of the soil may then accumulate additional 210Pbex, depending on
patterns of interceding rainfall.
Anthropogenic 137Cs (half-life 30.2 years) is a product of above-ground nuclear weapons testing that
occurred during the 1950s-70s (Longmore et al. 1983; Walton 1963). It is also distributed
exponentially with depth in undisturbed soils, although often with a slight maximum below the soil
surface (Walling & Bradley 1988; Basher et al. 1995; Owens et al. 1996). Studies in Australia have
found that the majority of this nuclide (>90%) is retained within the top 10 centimetres of the soil
(Campbell et al. 1982; Loughran et al. 1992; McCallan et al. 1980; Wallbrink & Murray 1993). In
cultivated soils 137Cs may also be distributed down to the depth of the plough layer (Quine et al.
1994). Total soil inventories (Bq m-2) in Australia are about an order of magnitude lower than those
in the Northern Hemisphere (Longmore et al. 1983).
The fallout of 137Cs in Australia had effectively ceased by the mid-1970s. In contrast, about half of
the present inventory of 210Pbex fallout has occurred in the last 20 years. Consequently, the various
regions of the Darling catchment may have nuclide concentrations that are distinct from one another,
as a result of their differing land uses and exposure histories. These tracer properties can potentially
be used to determine the relative contributions of these areas to the sediments in the Darling-Barwon
River.
On the basis of the expected differences in tracer properties outlined above, the major sources of
sediment in the Darling Basin were divided into three broad categories:
(i)

areas that are uncultivated (such as pastureland, rangelands, and forests);

(ii)

areas that are cultivated (such as cotton, wheat, soy beans, oil seeds), and;

(iii)

sub-soil material generated from channel and gully erosion.
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If Cu, Cc, Cb and Pu, Pc, Pb represent the 137Cs and 210Pbex concentrations from uncultivated (u),
cultivated (c), and channel bank sources (b), and Cs and Ps represent the respective total
concentrations of 137Cs and 210Pbex in suspended sediments, then the amounts contributed from these
sources can be calculated using a three component mixing model of the form:
A.Cu + B.Cc + C.Cb = Cs
A.Pu + B.Pc + C.Pb = Ps

(10.1)

A, B and C represent the relative contributions from channel banks, uncultivated and cultivated lands,
respectively and A + B + C = 1 (Wallbrink et al. 1998). This assumes that no major physical or
chemical alteration to particulates occurs during transport (Wallbrink et al. 1998), and that when
sediment is delivered to a river channel it retains the radionuclide concentrations present in the soil
before it was eroded.
The analytical methods employed here were those of Murray et al. (1987). All samples were oven
dried then ashed at 450oC and analysed by gamma spectrometry for 137Cs, 226Ra and 210Pbex
concentrations (Bq kg-1). Unless otherwise noted, all mean values are reported with the associated
uncertainties of one standard error.

10.3 Sediments of the Darling Barwon River system (Cs and Ps)
Previous measurements (Woodyer 1978) indicated that 80-95% of the material in suspension in the
Darling-Barwon River is <2µm in diameter. Large (gram) quantities of suspended sediments were
collected from the Darling-Barwon by continuous flow centrifugation (CFC) of river water using an
Alfa Laval centrifuge (model MAB103b). The CFC samples were collected during two sampling
trips along the river from Mungindi to Wilcannia (Figure 10.1). On these occasions deposited
sediments were also collected from the riverbed. The fine silt and clay particles (consistent with the
particle size of the suspended river sediments) were extracted from the riverbed samples by a
combination of wet sieving and settling in a water column.
Drought conditions prevailed during the study period and flows in the river were very low, so the
opportunity was taken to obtain additional samples of recently deposited, fine grained flood sediment
from within channels throughout the catchment (Figure 10.1). The sediment samples were
fractionated in the same way as the riverbed sediments to recover the fine silt and clay fraction
(<10µm).
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10.4 Sampling cultivated (Cp and Pp) and uncultivated (Cu and Pu) lands, and
channel/gully sediments (Cb and Pb)
The radionuclide signatures from uncultivated and cultivated lands were determined from soil
samples taken along several transects, each approximately 100 kilometres long (Figure 10.1). Every
10 kilometres along the transect, five soil samples (scrapes) to ~5 millimetres depth were taken of
surface material that appeared to be either in, or available for, active transport (n = 50 per transect).

AUSTRALIA

Murray-Darling
Basin

Brisbane

Sydney
Adelaide

Melbourne
0

100

200 km

Figure 10.1 The Darling River Basin showing the location of sampling points for sediment and
catchment source samples. Stars denote CFC and deposited sediment sampling
locations. Solid bars represent transects for sampling uncultivated soils and dotted bars
transects for sampling cultivated soils.
The fifty samples from each transect were then combined for analysis. The fine silt and clay particles
were extracted from the mixed samples by a combination of wet sieving and settling in a water
column, this is the same method used for the deposited river sediments. The fine fraction was then
analysed to characterise the 210Pbex and 137Cs concentrations of particles associated with the
predominant land use in the transect area. Thirteen transects were taken from uncultivated lands in
the basin, and six transects were sampled in the cultivated regions of the Darling Downs and the
Liverpool Plains (Figure 10.1).
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The sampling protocol assumes that contemporary erosion from cultivated and uncultivated surfaces
in this region is primarily by sheet or rill erosion of surface particles to a depth of ~5 millimetres.
This is believed to be an upper limit for the loss of soil that would occur from cultivated or
uncultivated surfaces at any one time, although it is acknowledged that in some circumstances local
erosion may exceed this depth.
Estimates of the radionuclide concentrations in material from channel and gully banks were made
from measurements of the average 210Pbex and 137Cs concentration in soil cores of 200 millimetres
depth sampled from uncultivated lands in the Darling catchment. These cores were obtained from the
same thirteen transects used to sample uncultivated land for surface sediments, but were not replicated
at each point on the transect, resulting in 10 samples per transect. The 10 soil cores collected from
each transect were combined, producing 13 samples, with the fine fraction (<10µm) extracted and
analysed. Radionuclide measurements of the soil cores were averaged over the sampling depth of 200
millimetres and then divided by the estimated average depth of channels and gullies in the catchment
(3 metres) to calculate the 210Pbex and 137Cs concentrations of eroded bank sources. Calculations were
repeated using a series of values for average gully and channel bank height to assess the impact of the
assumed channel height on estimated contributions of sediment from these sources.

10.5 Results
Radionuclide concentrations of the fine-grained material from the catchment sources are summarised
in Table 10.1. The highest values of 210Pbex and 137Cs (Bq kg-1) occur in the material from
uncultivated sources. This is consistent with the initial deposition of these radionuclides at the soil
surface. The nuclide values for cultivated lands are lower than those from uncultivated lands,
probably due to the effects of mixing and dilution by ploughing.
Table 10.1 Concentrations of 210Pbex and 137Cs in material from potential erosion sources and
suspended sediments from the Darling-Barwon basin.
137

210

Pbex

Landform/land use

Total sample
number

code

Bq kg-1

se

code

Cs

Bq kg-1

se

Ratio

Uncultivated lands

13

Pu

190

40

Cu

21

3.3

9.0

Cultivated lands

6

Pc

15

6

Cc

4.8

0.6

3.3

Channel/gullies *

13

Pb

2.53

0.7

Cb

0.54

0.1

4.4

Sediments

170

Ps

18.5

1

Cs

1.73

0.1

10.7

*assuming 3 metres height
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The nuclide concentrations in the cultivated soils are also much lower than those found in cultivated
Murrumbidgee River catchment soils where 210Pbex is ~118 Bq kg-1 and 137Cs is ~18 Bq kg-1
(Wallbrink et al. 1998). This may be due to the different methods of cultivation in these two areas.
In the Murrumbidgee wheat belt harrowing generally results in a horizontal movement of the soil
particles, and analysis of the 137Cs distribution in sectioned cores reveals that there is little vertical
mixing. In the Darling Downs and Liverpool Plains the distribution of 137Cs is essentially uniform to
cultivation depth, suggesting that vertical mixing is a significant process in these soils.
The estimated tracer concentrations in soil profiles from channels and gullies are the lowest of the
potential erosion sources. It should be noted that this assumes an average channel height of 3 metres.
If the actual height is half of this amount, then the calculated 137Cs and 210Pbex concentrations increase
by a factor of two, but would still be much less than concentrations measured in samples from the
other two erosion sources.
The 137Cs concentrations in the river sediments (Cs) are lower than those measured in cultivated and
uncultivated lands, but they are higher than the channel bank and gully sources (Table 10.1). The
concentrations of 210Pbex in the sediments are much higher than those estimated for the channel/gully
material, slightly higher than the cultivated lands but significantly lower than those of the uncultivated
soils. The ratio of 210Pbex to 137Cs in the sediments is larger than measured in any of the potential
sources (Table 10.1). Given the large size of the Darling-Barwon River system this probably reflects
the direct addition of fallout 210Pb to sediment in the channels. This highlights the need to consider
the residence time of sediment within the channel system when interpreting the 137Cs and 210Pbex data.
It is possible that some sediment is resident within the channel for a length of time that is comparable
or longer than the 210Pb half-life of 22 years. In this situation the 210Pbex sediment label will be
affected by the addition of direct fallout 210Pb, and also the radioactive decay of the catchment derived
component. Similarly, if sediment residence times are >40 years then all of the 137Cs in the channel
could have been derived from direct fallout. For residence times of <30 years, however, 137Cs is
unaffected by this process because most of the fallout occurred >30 years ago, and decay is thus
uniform in soil and sediment samples.
If most of the sediment within the channel has been eroded and transported within the last 30 years
(Scenario 1), then the 137Cs in the sediments will originate entirely from eroded catchment sources.
Assuming this is the case, an estimate of the maximum and minimum amounts of 210Pb addition can
be calculated from the maximum and minimum ratios of 210Pb to 137Cs associated with the various
catchment sources. For example, the highest 210Pbex to 137Cs ratio (~9:1) was found in soil from
uncultivated lands. If the soil from this source represented 100% of the total sediment flux in this
river system (and thus the total amount of 210Pbex), then the ratio in the sediments could not be higher
than ~9:1. The maximum 210Pb concentration in the river sediments could only be 15.6 Bq kg-1, nine
times the 137Cs concentration given. Alternatively, if all the sediment were derived from cultivated
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soil then the 210Pbex to 137Cs ratio for suspended sediment would be 3.3, equivalent to a 210Pb
concentration of only 5.7 Bq kg-1.
These estimates can be further refined using the 137Cs concentrations in the river sediment and
catchment soil samples. For example, the 137Cs concentration in the river sediments is 1.73 Bq kg-1.
This can be from a combination of uncultivated lands (6%) plus subsoil material from channel banks
(94%) where 21 Bq kg-1 and 0.54 Bq kg-1 of 137Cs occur on these sources respectively (Table 10.1). In
this case the 210Pbex concentration would be 13.4 Bq kg-1 (94% x 2.53 Bq kg-1 + 6% x 190 Bq kg-1;
Table 10.1). Alternatively, the 137Cs concentration in the river sediments could be attributed to
cultivated lands (27%), and channel banks (73%), in which case the corresponding 210Pbex river
sediment value would be ~5.9 Bq kg-1. Thus the range of catchment derived 210Pbex can now be
considered to lie between 5.9-13.4 Bq kg-1. The minimum amount of 210Pbex added from direct fallout
is ~5.1 Bq kg-1 (ie 18.5-13.4 Bq kg-1see Table 10.1), and the maximum is ~12.6 Bq kg-1 (ie 18.5-5.9
Bq kg-1). Placing these limits on the catchment derived 210Pbex, in conjunction with the measured
values of 137Cs, allows us to determine relative source contributions within the last 30 years using
Equation 10.1.
Another possibility (Scenario 2) is that residence time of sediment in the Darling-Barwon is long, and
that the sediment remains stored in the channel for more than 40 years. In this case the 137Cs
concentrations (Bq kg-1) in the sediment will result from the total 137Cs fall out load into the river
alone, and there will be no catchment derived 137Cs contribution to the sediments. From analysis of
catchment cores, the average ratio of fallout 210Pbex to 137Cs in this region is in the order of ~3.0.
Thus, the average concentration of fallout 210Pbex in these sediments before 40 years ago would have
been ~5.2 Bq kg-1 (3 x 1.73 Bq kg-1). The remainder, 13.3 Bq kg-1 (18.5-5.2 Bq kg-1) will have come
from eroded catchment sources prior to this time. (It should be noted that this value is equivalent to
46.9 Bq kg-1 when corrected for 40 years decay since this time). The combination of catchment
sources required to support this 210Pbex value (in the river sediments) can then be calculated as a two
component mix of the dominant catchment sources at that time, using Equation 10.2:
A.Pu + B.Pb = Ps

(10.2)

A and B represent the unknown relative contributions from uncultivated lands and channel banks
respectively, A + B = 1, and Pu, Pb and Ps, remain as for Equation 10.1.
These two scenarios allow us to constrain the river sediment 210Pbex values used in the mixing models
so that they represent erosion of catchment sources alone. Figure 10.2 illustrates this, where the
postulated contribution from various catchment sources is calculated for Scenario 1 (Equation 10.1,
residence time <30 years), and for Scenario 2 (Equation 10.2, residence time >40 years). The
calculated contributions from catchment sources are unknown for the period in between these two
possible scenarios. It has been assumed that cultivated lands are not significant sources more than 40
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years ago (remembering that even today they only represent some 5% of the total catchment area). It
has also been assumed that the initial concentrations of 210Pbex in catchment soils have not changed to
the present day because deposition is continuous.
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Figure 10.2 Potential contribution of sediments from channel banks (heavy dotted lines), cultivated
(dashed lines), and uncultivated land (light dotted lines) estimated under two different
scenarios of sediment residence time (<30 years & >40years). Two sets of responses
are depicted in the shorter residence time scenario assuming either maximum or
minimum amounts of 210Pbex addition from direct fallout. The horizontal dashed lines
represent minimum and maximum inputs from these sources at 0 and 100%
respectively.
It has been assumed in the analysis that the average height of the channels and banks within the
Darling-Barwon basin is 3 metres. The effect on the relative contributions from this source can also
be estimated assuming a range of different gully and channel bank heights. Table 10.2 presents the
results of an analysis in which the 137Cs and 210Pbex concentrations estimated for channel bank and
gully sources have been changed assuming bank heights of 1 to 5 metres. These estimates have been
made using the lowest 210Pb fallout in the suspended sediments (5.1 Bq kg-1), and a residence time of
5 years. The difference in contributions from channel/gully bank varies by ~18%. However, it is
unlikely that the average minimum channel/gully height in this system is only one metre, especially
given that the average height of the banks for ~800 kilometres of the main channel has been measured
at 4 to 9 metres (Woodyer 1978).
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Table 10.2 Effect of different channel/gully bank heights on the estimated contribution from
catchment sources to fine grained sediment in the Darling-Barwon River.
Average channel/gully height (m)
Source

1

2

3

4

5

Uncultivated lands (%)

-1

0

0

0

0

Cultivated lands (%)

14

26

29

30

31

Channels/gullies (%)

87

74

71

70

69

Observation of other parts of the catchment indicates that an average height of ~5 metres is equally
unlikely. Consequently, a more realistic range is between 2-4 metres, and the change to the estimated
cultivated and channel/gully contributions using these assumptions is about ~4%. This is within the
estimates of uncertainty for both of these sources.

10.7 Discussion
The interpretation of source contributions in Figure 10.2 depends upon the residence time of the
sediment. If, on the one hand, sediment moves through the catchment in association with the flood
flows, known to be about 60-120 days duration (Woodyer 1978), then transit times must be short. In
this case more confidence would be placed on the results of Scenario 1. However, it is also known
that the sediment in the Darling-Barwon is highly weathered compared to headwater catchment
sediment (Chapter 9). This observation can support both scenarios but changes the interpretation of
the data. The origin of the river sediment could be contemporary erosion of sites where material is
stored for significant lengths of time, such as the floodplains, and this is consistent with Scenario 1.
In contrast, erosion may have occurred some time previously but material remains resident within the
channels for a very long time and is weathered, this is consistent with Scenario 2. Ultimately,
confidence in the predictions of either scenario requires clarification of the sediment transport
processes and residence time of fine sediment in the river system.
The minimum subsoil contribution from channel banks, assuming that transit times are less than ~30
years, is 69 + 11%. The maximum contribution from cultivated lands is 31 + 13%. The maximum
contribution from uncultivated lands is 10 + 3%. However, the contributions from all these sources
must sum to 100%. Therefore, it is not possible for these different estimated contributions to be
delivered at the same time. The effective boundaries of this condition are shown as the solid lines
defining 0-100% in Figure 10.2. For example, if the channel/gully (subsoil) contribution is 69%, then
the cultivated land contribution is at 31%, and the uncultivated land contribution is zero. It can be
seen that the estimated contribution from this latter source increases with postulated residence time,
while the contribution from cultivated land decreases.
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The relative contributions from cultivated and uncultivated lands can be converted to a relative yield
from each source, based on the relative proportion of land surface area occupied by each. The
cultivated lands occupy a maximum of 5% of the Darling-Barwon catchment area, while uncultivated
land occupies the remaining 95%. If the maximum contribution from each of them (31% cultivated,
and 10% uncultivated) is normalised to catchment area, their relative yields are 5 and 0.11
respectively. On this basis the production of sediment per unit area from the cultivated lands is
approximately 45 times greater than that from uncultivated lands.
In Chapter 9 an analysis of major and minor elements was used to demonstrate that sediment in the
Darling-Barwon River is mainly derived from granitic and sedimentary rocks. Very little sediment
comes from soils developed on basalt. This implies that either, erosion of material from soils on this
lithology are negligible, or that the transit time of contemporary eroded material from these soils is
very long. It was also found that the chemical index of alteration (CIA) for the river sediment is very
high (>0.75), indicating that it is highly weathered compared to sediment in headwater catchments.
This means that sediment in the lower reaches of the system has probably been derived from erosion
of granitic/sedimentary material previously deposited within the floodplains of the basin.
Measurements of contemporary channel bank erosion of floodplain sediment (Thoms et al. 1996) is
consistent with the high estimated contribution from channel bank and gully sources. However, the
presence of very little basalt in the river sediments suggests that sheet erosion from cultivated basaltic
soil (such as the Liverpool Plains) is not currently being transported to the Darling-Barwon channel.
The contribution from this source is limited to <5%. In this case the predicted maximum of 30%
material coming from cultivated sources is presumably derived from regions where cultivation takes
place on granitic/sedimentary soils. Thus the significant contribution of surface eroded material
predicted with increasing residence time in Scenario 2 would necessarily occur from non-basaltic
sources.
If it is assumed that residence time is less than 30 years, then the dominant contribution of subsoil
material from channel banks and gully walls in the Darling-Barwon Basin is consistent with findings
elsewhere. For example, Neil and Fogarty (1991) and Sebire (1991) found in a survey of 131 farm
dams in the Southern Tablelands, NSW, that sediment derived from within channels and gullies
exceeded that from surface soils by up to an order of magnitude in catchments where gullies occurred.
Similarly, Mackenzie et al. (1991) found that subsoil material dominated sediment flux from gullied
catchments near Goulburn, NSW. Crouch (1990) calculated that the release of material from gully
sides near Bathurst, NSW, was about four times that from sheet and rill erosion. This is also
consistent with measurements of up to 80% contribution from subsoil sources in selected basins in the
United States (Bradford & Piest 1980; Glymph 1957; Osborn & Simanton 1989). Wallbrink et al.
(1996a,b) calculated that the relative contribution of subsoil from channel banks and gullies to
sediment in the Murrumbidgee River was approximately 90%.

10-10

Chapter 10

Erosion sources contributing fine grained sediment

Part of the reason for the large contribution of subsoil sources is the degree to which they are
connected to the streamlines. Subsoil eroded from channel/gully banks is directly contributed to flow
paths. In this situation a large fraction of the eroded material is delivered directly into the drainage
system. In many cases the sediment delivery ratio (SDR)(Walling 1983) will be one. By comparison,
eroded surface soil will have a low SDR in Australia. This is because surface sources are poorly
connected to streamlines, resulting in the inefficient delivery of eroded surface soil. The low average
gradients in the Darling-Barwon Basin, and the generally low rainfall and runoff also contribute to the
inefficient delivery of eroded surface soil (Loughran et al. 1982; Olive & Reiger 1986; Wasson 1987).

10.8 Key points
•

The relative amounts of sediment derived from three potential catchment sources in the DarlingBarwon Basin, (cultivated soils, uncultivated soils and bank erosion from channels or gullies)
have been determined using radionuclide tracers.

•

The concentrations of 210Pbex and 137Cs distinctly characterise each of the potential catchment
sources.

•

Calculation of the relative contributions from the three potential sources depends on assumptions
about the residence time of the sediment, the height of the channel/gully banks and the unknown
addition of 210Pb by direct fallout to river sediment sampled from the main channel.

•

Two different residence time scenarios that constrained the maximum and minimum values of
catchment derived 210Pb in transported sediments were considered. These values were
incorporated into a three-component, and a two-component mixing model that enabled estimates
of the maximum and minimum contribution from potential erosion sources to be determined.

•

If residence time is assumed to be <30 years, then the minimum relative sediment contribution
from channel bank and gully sources is 69+11%, the maximum contribution from cultivated land
is 31+13%, and the lowest contribution (maximum 10+3%) is from uncultivated regions of the
catchment.

•

For a residence time <30 years the relative yield of sediment from cultivated land exceeds that
from uncultivated lands by a factor of up to 45.

•

For residence times longer than 40 years, the input from cultivated lands can be neglected. A two
component model suggests that as residence time increases there is a reduction in the relative
sediment contribution derived from gully bank erosion (decreasing from a maximum of 75%) and
a continual increase in sediment contribution derived from uncultivated land (rising from a
minimum of 25%).
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Chapter 11 Concluding discussion and management implications
11.1 Introduction
A key objective of the project was to identify environmental conditions responsible for the occurrence
of blooms of blue-green algae (cyanobacteria) in the Darling River. This knowledge is necessary to
derive management strategies for reducing the intensity and frequency of blooms and to improve water
quality (Oliver et al. 2000). A wide range of physical, chemical and biological processes influence
algal growth and not all could be investigated in detail. To focus the research effort a conceptual
model was proposed describing processes considered to be of major importance in stimulating algal
blooms in the Darling River. A simple model of the linkages between algal blooms, local riverine
conditions and changes in the river catchments was based on the following proposals:
•

Light availability rather than temperature or the concentration of major nutrients controls the
initiation of phytoplankton growth.

•

When physical conditions are suitable for growth it is the nutrient supply that determines the
maximum size of the algal population, especially the amount of phosphorus available to the algae.

•

The quantities of inorganic phosphorus and nitrogen available to the phytoplankton are controlled
by interactions of the dissolved phase with the bottom sediments and suspended particles. Algae
are able to access the dissolved phase most easily but can also obtain nutrients from the other two
phases.

•

There has been an increase in delivery of nutrients to the river since European settlement. This
increase is likely for several reasons. Accelerated erosion has increased the delivery of naturally
occurring nutrients to the river. Nutrients have been imported into the catchment as fertilisers.
Increased sewage inflow has occurred due to population expansion.

This conceptual model associates the initiation and development of algal blooms with prevailing
riverine conditions that are ultimately linked to catchment influences. These interactions can be
viewed as a series of hierarchical processes operating over different time and space scales. These
scales range from the rapid responses of microscopic organisms to changes in their immediate
environment up to sediment transport from catchments, which can occur over hundreds of kilometres
and take hundreds of years. This problem of scale is a vexing one because different sampling regimes,
methods of sampling and measurement techniques need to be used to assess processes occurring over
different time frames and at different spatial scales.
A hierarchical sampling regime was employed to obtain data over a range of scales appropriate to the
objectives of the project. The influence of riverine conditions on the growth of algae was investigated
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in a section of the Darling River near the township of Bourke. Sampling was focussed on the weir
pool near the town but also extended upstream and downstream of this site. The weir pool is prone to
algal blooms and over the period of the project it provided several opportunities for assessing the
riverine conditions conducive to the appearance of populations of cyanobacteria. Most of the major
tributaries have entered the river upstream of this section of the river and their influence could be
assessed through their impact on conditions in the weir pool. In the river section downstream from
Bourke there are several more weir pools and a section of river that receives a significant intrusion of
saline groundwater. These sampling sites were useful for assessing the impact of salinity on water
quality and on cyanobacterial blooms.
Only a limited number of field trips could be made to the riverine sampling sites and the aim was to
coordinate these with critical changes in riverine conditions expected to lead to the development of
cyanobacterial blooms. Because of the travel distances involved it was not always possible to
synchronise field trips with changes is riverine conditions and the problem was to link the specific,
short-term measurements to longer-term changes in water quality and algal growth. This was achieved
using the intensive field trips to obtain detailed measurements of processes influencing algal growth
and then linking these to variables measured in the regular monitoring programs. The detailed
measurements enabled the monitoring data to be interpreted in a more functional way and the
monitoring data provided the means for extrapolating detailed project results beyond the short periods
of measurement. The monitoring programs operated by the NSW Department of Land and Water
Conservation played a vital role in this process and were essential to the success of the project,
providing key information on water quality and hydrological characteristics. In addition the
information available from the monitoring programs was important for placing the results of the
project in an historical context.
Several sets of sampling sites were used to study sediment transport in the river and the catchments.
Transport within the river was investigated from samples of suspended particles and bottom sediments
collected on a number of occasions from sites distributed along the length of the river (Figure 9.1). To
investigate the possible catchment sources of these particles nineteen transects of 100km length were
used to sample soils across different land types. Thirteen transects were in uncultivated lands and
widely distributed over the northern sections of the basin while six transects were sampled in
cultivated lands of the Darling Downs and Liverpool Plains regions (Figure 10.1). River sediments
and soil samples were characterised using their elemental composition and also from the occurrence of
the fall-out radionuclide tracers Caesium (137Cs) and Lead (210Pb). These characteristics were then
used to identify the sources of transported sediment.

11.2 Initiating phytoplankton growth
Flowing rivers generally contain a small amount of phytoplankton, but when flow is retarded by
impoundment extensive populations can develop in the associated pools. Impoundment reduces the
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flushing rate and increases the residence time of algae in the impounded water enabling them to take
advantage of the growth conditions that are often more suitable in the pool than in the flowing river.
In addition, the reduced flushing rate decreases the mixing intensity and increases the likelihood of
temperature stratification. Reduced water mixing advantages buoyant, bloom-forming blue-green
algae because they are able to float towards the well-illuminated surface layers.
In Bourke Weir Pool concentrations of cyanobacteria are inversely related to discharge rate (Figure
3.2). Populations greater than 1,000 cells mL-1 (cell per millilitre) do not occur when discharge rates
exceed 800 ML d-1 (megalitres per day). Moderate populations up to 1,000 cells mL-1 occur at
discharge rates between 500 and 800 ML d-1 while at lower discharge rates large blooms occur more
frequently. However, low flows do not always result in the appearance of cyanobacterial blooms
indicating that other environmental conditions also control their occurrence.
The weir pool has a volume of 4,500 ML and at a discharge rate of 500 ML day-1 the bulk residence
time is ca. 9 days. In the similarly sized Maude Weir Pool on the Murrumbidgee River the
concentration of cyanobacteria was found to be a function of the average flow over the previous 10
days indicating that this period of time is sufficient for populations to track the changes in discharge
(Webster et al 1996). However, the time required for a problem bloom to occur depends not only on
discharge rate but also on the growth rate of the algae and the starting concentration of cells. This
interaction is depicted in Figure 11.1 for the weir pool at Bourke. The figure shows the time taken for
a proportional change in an algal population at different discharge rates assuming a high nett algal
growth rate of 0.30 day-1 and a well-mixed weir pool. Based on these conditions the figure shows that
at a discharge rate of 800 ML day-1 it would take 14 days for an initial algal population to increase by
a factor of five, for example from 10 to 50 cells ml-1 or from 1,000 to 5,000 cells ml-1. If cell numbers
are monitored then the minimum time for a problem population to develop from the current cell
numbers can be estimated from the figure. As an example, if algae start to grow from an initial
population of 100 cells ml-1 then the minimum time to reach 500 (factor of 5), 1,000 (factor of 10) or
2,500 (factor of 25) cells per millilitre at a discharge of 800 ML day-1 is about 14, 19 and 26 days
respectively. At a discharge rate of 500 ML day-1 the same proportional changes would take 9, 12 and
17 days respectively.
Intensive temperature data collected from Bourke Weir Pool indicate that discharge rates influence the
degree of vertical temperature stratification in the water column (Figures 3.5 and 3.7). During the
summer, temperature stratification appeared in the near surface waters for short periods in the daytime
when discharge decreased below 3,000 ML d-1. At a discharge rate between 1,000 and 2,000 ML day-1
temperature stratification intensified and extended for longer periods of the day but was usually
dissipated at night due to convective cooling. At discharge rates below 800 ML day-1 intense
stratification occurred during the daytime and was not always dissipated at night leading to extended
periods of shallow mixing. Under these conditions of low discharge and increased stratification high
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Figure 11.1 Minimum time required for a proportional change in the size of an algal population for
different discharge rates in Bourke Weir Pool. The assumed algal growth rate is 0.3 day-1.
concentrations of cyanobacteria occur. This suggests that temperature stratification is a pre-requisite
to the development of cyanobacterial blooms. The extent of vertical mixing influences algal growth
by altering the amount of light that the cells encounter and this interaction was investigated through an
analysis of the underwater light climate.
In turbid waters light penetration is restricted due to absorption and scattering by the suspended
particles. Turbidity in the Darling River is generally high with a median value of 101 NTU. When
turbidity is very high, light may penetrate only a few centimetres leaving the rest of the water column
in darkness. These conditions can make it difficult for algal cells to capture sufficient light energy for
growth because as the are mixed up and down by the water motion they spend only a small amount of
time in the light relative to the time spent in the dark. If the energy captured by the cells during their
time in the light is insufficient to provide the store of energy needed for the long dark period then
growth cannot occur. A rough rule of thumb is that the cells should spend approximately one third of
their time in the light. The proportion of time spent in the light can be estimated from the ratio of the
depth of light penetration (zeu) to the depth of mixing (zm). In a well-mixed water body the mixing
depth will equal the maximum depth of the water column. If temperature stratification occurs then the
mixing depth is restricted and can be substantially less than the maximum depth.
The regular monitoring data for the Darling River includes turbidity measurements but does contain
estimates of light penetration. Detailed studies of light penetration in the weir pool at Bourke showed
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that the vertical attenuation rate of light was linearly related to turbidity (Figure 4.1). This relationship
was used to estimate the depth of light penetration from the turbidity monitoring data. The zeu/zm
ratio, calculated assuming that the depth of mixing was equivalent to the maximum depth of the weir
pool, was compared with the data on cyanobacterial numbers and indicated a shift from light limitation
to light sufficiency at ratios of 0.2 to 0.35 (Figure 4.3). Ratios less than 0.2 indicated light limitation
while ratios greater than 0.35 indicated light sufficiency. During the 44 month period of the study the
zeu/zm ratio indicated that light was limiting for at least 50% of the time and was adequate for 32% of
the time. Significant populations of cyanobacteria were always associated with periods of adequate
light. However, the converse was not always true and periods of adequate light did not necessarily
stimulate the growth of cyanobacteria, indicating that other environmental conditions also influence
the development of cyanobacterial blooms.
Large changes in the zeu/zm ratio were generally due to changes in turbidity that influenced the depth
of light penetration rather than alterations in zm. Turbidity in the Darling River can increase rapidly in
response to increases in discharge, the extent of the increase being influenced by discharge rate and
the tributary source of the water (Figure 4.5). When discharge decreases the river can stay turbid for
long periods because the fine suspended particles do not settle very rapidly. However, the rate of
decline in turbidity differs significantly between periods and at times is quite quick. An analysis of
the monitoring data indicated that reductions in turbidity were associated with increases in salinity.
An inverse correlation was found between salinity and turbidity with turbidity declining significantly
when conductivity exceeded 300 µS cm-1 (Figure 4.6). It was demonstrated that the increased salinity
enhanced particle aggregation. This resulted in increased sedimentation rates and a reduction in
turbidity. Using the relationships derived between salinity and turbidity, and turbidity and light
penetration, it was calculated that light became limiting in Bourke Weir Pool when turbidity exceeded
about 100 NTU and that turbidity fell below this level when conductivity increased above ca. 350 µS
cm-1. A decision support tree that summarises these interactions is shown in Figure 11.2.
Salinity effects were also studied downstream of Weir 19A where significant saline groundwater
intrusions occur. When river discharge is low the salinity increases because there is less water to
dilute the groundwater inflow and because the groundwater influx increases. Experiments
demonstrated that the ionic species responsible for particle coagulation and settling are the cations
magnesium (Mg+2) and calcium (Ca+2). The cation-induced clarification of the river did not remove
soluble phosphorus from solution and consequently nutrients were present to support the growth of
algae under the improved light conditions.
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Figure 11.2 Decision support tree summarising conditions responsible for initiation of algal blooms
in the Bourke Weir Pool.
Salinities in this section of the river occasionally ranged from 350 µS cm-1 upstream of the saline
intrusion to 27,000 µS cm-1 downstream. These differences led to changes in the algal composition
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and dominant cyanobacterium shifted from Anabaena circinalis upstream to Anabaenopsis arnoldii
downstream (Table 5.2).
It is suspected that salinity changes in the weir pool at Bourke and in other sections of the Darling
River are also due to saline groundwater intrusions, although less extensive and less obvious than
those downstream of Weir 19A. The impact of these intrusions is a function of river discharge as
changes in the hydrostatic head above the groundwater level influences the inflow rate and the degree
of dilution. Consequently, reduced discharge rates due to water abstraction influence the salinity and
therefore the extent of water clarification and increase the probability of cyanobacterial blooms. More
information is needed on sources of saline water to the Darling River to assist in the management of
algal blooms through manipulation of riverine conditions.

11.3 Sustaining phytoplankton growth
Median concentrations of total phosphorus and total nitrogen in the river at Bourke are 240 µg P/L and
790 µg N/L. Filterable reactive phosphorus concentrations are also relatively high and comprise from
10 to 50% of the total phosphorus concentration. In contrast concentrations of the dissolved forms of
inorganic nitrogen were relatively low during the study period although historically concentrations of
nitrate have been higher with a median value of 400 µg N/L. Despite the significant concentrations of
major nutrients phytoplankton numbers remain low for much of the year due to light limitation.
Total phosphorus (TP) and total nitrogen (TN) concentrations fluctuated in response to changes in
discharge, increasing when flows increased and declining when flows decreased. However, the
changes in TN an TP are not proportional and consequently their ratio (TN:TP) varies in response to
flow, declining during high flows and increasing during low flows (Figures 6.1 and 6.5). Because of
these flow induced changes the cyanobacterial blooms that occur usually during low flow periods are
associated with high TN:TP ratios. The majority of these blooms were dominated by nitrogen fixing
cyanobacteria such as Anabaena sp. which seems contrary to the general view that nitrogen fixers are
selected for by low TN:TP ratios that are indicative of reduced nitrogen supplies. By comparing
several methods for assessing nutrient limitation of phytoplankton it was demonstrated that the TN:TP
ratio is an unreliable indicator of nutrient supply. This is because a large proportion of both the total
phosphorus and total nitrogen is unavailable to the algae over the growth period of a bloom. Potential
nutrient limitation was better identified using measurements of the available forms of nutrients, such
as dissolved inorganic nitrogen, filterable reactive phosphorus or exchangeable phosphorus measured
using a desorption technique.
During both the 1994/5 and 1995/6 blooms of Anabaena the changes in concentrations of algalavailable forms of nitrogen and phosphorus were investigated in the weir pool at Bourke. Analysis of
the data indicated that during the first bloom nitrogen initially became limiting and nitrogen fixation
occurred. This population was not washed out by an increase in flow but appears to have collapsed of
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its own accord. Zooplankton numbers were very low and so grazing seems an unlikely cause for the
population reduction but several other possibilities wee suggested for the population demise. It seems
improbable that the availability of gaseous nitrogen would limit the growth of the nitrogen fixing
Anabaena spp. directly. It is possible that a reduction in the availability of light energy, inorganic
carbon, or a trace element required by the nitrogen fixing apparatus curtailed the ability of the cells to
fix adequate amounts of nitrogen but nitrogen fixation was occurring prior to the population peak. It
seems more likely that at the peak of the bloom phosphorus supply was insufficient to maintain the
population and phosphorus became limiting. Unfortunately the data is not sufficiently detailed to
describe nutrient changes at the time of the biomass peak and so the control of the biomass maximum
cannot be unequivocally related to either nitrogen or phosphorus limitation.
During the 1995/96 bloom of Anabaena the concentration of filterable reactive phosphorus was
reduced to a low constant level while the total phosphorus concentration in the water increased as the
phytoplankton numbers increased. These observations were interpreted as indicating a supply of
phosphorus to the water column from the bottom sediments and that without this source the bloom
would have been phosphorus limited. An increase in discharge washed the bloom from the weir pool
before it attained its maximum biomass so the nutrient that would finally have controlled the biomass
maximum could not be identified conclusively.
Although nutrient limitation was not directly demonstrated at the biomass peak during either of the
major Anabaena blooms, in both cases the forms of phosphorus available for algal uptake were
reduced to low concentrations. This suggests that efforts to reduce the supply of available forms of
phosphorus might lead to a reduction in the intensity of cyanobacterial blooms although the success of
this strategy will depend on the extent of phosphorus re-supply from stores in the bottom sediments.
By combining nutrient reduction with other factors that influence bloom activity, such as flow
manipulation, significant decreases in bloom occurrences should be possible. In addition, more subtle
interactions may occur as a result of nutrient manipulations. Reductions in phosphorus loads can
reduce the likelihood of nitrogen limitation and provide less of an advantage to nitrogen fixing
cyanobacteria leading to a decline in the intensity and frequency of these blooms. To manage
phosphorus loads requires information on phosphorus dynamics within the river and the identification
of major sources of phosphorus supply to the river.
Although most of the phosphorus in the river water is associated with suspended particles it was found
that at times the concentration of dissolved forms changed independently of changes in suspended
particle load as estimated from turbidity (Figure 6.3). This suggests that the dissolved and particulate
phosphorus components are at times poorly connected and this has important implications for
amelioration techniques aimed at reducing phosphorus loads to control algal growth. If the
phosphorus that is naturally associated with suspended particles is predominantly available to the
algae, then controls on the phosphorus loads due to accelerated diffuse transport of native phosphorus
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sources will be of major importance. Conversely, if much of the phosphorus that is naturally bound
within soil particles remains unavailable to algae then improved controls on sources of readily
available phosphorus will have major benefits. These sources include sewage treatment plant effluent,
fertiliser run-off, livestock sewage and irrigation return drains as well as natural sources of dissolved
phosphorus.
Phosphorus-particle interactions were investigated to try and distinguish the various phosphorus forms
influencing the growth of algae. The phosphorus available to algae in the water column is comprised
of two parts. A component in solution that is immediately available, and a component that is bound to
the surfaces of suspended particulate matter but that can desorb from the particles within a sufficiently
short time that it provides a supply of phosphorus for algal growth. The phosphorus adsorption
characteristics of suspended particles were investigated in the laboratory using phosphorus desorption
experiments, phosphorus enrichment experiments and also radioisotope exchange measurements.
These analyses showed that the suspended particles have several binding sites with different affinities
for adsorbing phosphorus. Two variables that are used to characterise these interactions are the
maximum phosphorus adsorption capacity of the particles and the affinity of the binding sites.
A comparison of Darling River particles with those from seven other Australian rivers indicated that
the maximum adsorption capacity was not substantially different between the rivers (Table 7.3). In
contrast the affinity of the most favourable binding sites appeared to be lower for particles from the
Darling River compared with particles from the other rivers but the reason for this could not be
identified. It is possible that this lower affinity is responsible for the relatively high concentrations of
dissolved phosphorus that occur in the Darling River.
Bottom sediments from the Darling River had phosphorus sorption characteristics similar to those of
the suspended particles except that the maximum sorption capacity of the most favourable binding
sites was between 2 and 5 times larger. However, the amount of adsorbed phosphorus was similar in
both cases and so the percent saturation of the bottom sediments was only 5% compared to 17 to 40%
for the suspended particles.
The significance of bottom sediments in modifying phosphorus concentrations was demonstrated by
changes in phosphorus concentration downstream of the Narrabri Sewage Treatment Plant. Addition
of phosphorus to the Namoi River from the treatment plant increased the concentration of both
filterable reactive phosphorus and total phosphorus. Over a 42km length downstream of the treatment
plant the filterable reactive phosphorus and total phosphorus concentrations reduced in parallel,
indicating that removal of phosphorus was due to the loss of filterable reactive phosphorus (Figure
7.12). This was explained by uptake into the bottom sediments. Only a small fraction, (4 and 14% on
two occasions) of the filterable reactive phosphorus from the sewage treatment plant adsorbed to the
suspended particulate matter and this had little influence on the filterable reactive phosphorus
concentration downstream of the treatment plant. However, this adsorption of phosphorus was
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sufficient to almost double the exchangeable quantity on the particle surfaces, corresponding to
increases of 7 and 15 µg/L of phosphorus being carried on the particles. This could significantly
increase the supply of available phosphorus to algae growing at sites downstream.
The data gathered on phosphorus-particle interactions indicates that a large proportion of the
phosphorus associated with particles is unavailable to algae in the period of time that a bloom
develops, but the long-term availability of this phosphorus is unknown. If particle movement through
the river system is slow then there might be time for the unavailable phosphorus, which is assumed to
be within the matrix of particles, to migrate to the surface after the exchangeable phosphorus has been
removed. If particles are stored within the bottom sediments then biogeochemical processes could
release further amounts of phosphorus. However, the phosphorus content of the particles does not
appear to change significantly along the length of the river suggesting that large re-distributions of
phosphorus are not occurring (Figure 9.4). Because of these complexities the major sources of algal
available forms of phosphorus could not be identified from analyses of riverine samples.
Given the difficulty of tracing the bioavailable phosphorus delivered to the Darling River, the focus
was placed on sourcing the origin of the sediment and its associated phosphorus. The majority of
phosphorus that occurs in the Darling River is associated with sediment particles and so information
on the sources of particles to the river might provide insight as to where the associated phosphorus is
coming from. In addition, identifying diffuse sources is important for targeting catchment
management strategies to reduce nutrient loads.

11.4 Contribution of water by tributaries
As a first step to understanding sediment transport in the Darling River system an analysis was carried
out of the volume of water transported by the main channel and by the various tributaries. The
objective of this analysis was to develop a water budget for the Darling River system as a basis for
estimating the loads of both suspended particles and particle-associated phosphorus contributed by the
different tributaries. This information is required to enable assessment of the relative importance of
the tributaries as sources of phosphorus and to help identify regions where catchment improvement
works might have the most influence on decreasing phosphorus loads.
Mass balance errors in the calculations of water transport means that there is some uncertainty
regarding quantitative contributions from tributaries but the relative ranking of the major tributaries is
considered to be reliable (Figure 8.4). An analysis of cumulative flows showed the Namoi and Upper
Barwon to be ranked equally as the highest flow contributors to the Darling-Barwon, each being
responsible for 21% of the total gauged tributary inflow upstream of Wilcannia and 35% of the flow
upstream of Walgett. The Culgoa ranked next contributing 16% of tributary inflow upstream of
Wilcannia, and the Macquarie and Boomi followed with each contributing about 10%.
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Although relative flows are described with reasonable reliability, the large errors in the water balance
make it difficult to estimate actual quantities of water that have been supplied. As sediment loads are
calculated from the product of flow volumes and suspended sediment concentrations, the large errors
in flow volumes will lead to large errors in estimates of suspended particle loads and phosphorus
loads. This problem is exacerbated by the fact that large errors in the water balance appear to be due
to difficulties inherent in gauging river flows during periods of floods when over-bank losses of water
and sediment occur. It appears that during minor floods there is a tendency to over-predict flows so
that water balance errors are positive, whereas in major floods the nett loss of water to the floodplain
dominates over the tendency to over-predict flows and water balance errors are negative. The data
show that these gauging problems occur in the lower part of the Border Rivers Basin and also
downstream from Bourke or Brewarrina (Table 8.3). Because much of the material load is transported
during floods, the uncertainty surrounding the magnitude of the nett water and sediment losses to the
floodplain make it difficult to reliably estimate suspended sediment and phosphorus loads from the
tributaries.
It was concluded that existing turbidity and suspended sediment data are not adequate to derive a
reliable model of cumulative sediment load. This makes management of the system difficult because it
is essential to have a sound understanding of the water, sediment and nutrient transport to provide
direction for management strategies. Suitable data for modelling sediment transport requires highfrequency turbidity data from several mainstream stations over a period of several years that include a
range of major flow events.

11.5 Identifying sources of sediment and phosphorus
Particle composition was used to identify sources of sediment from amongst the various catchments
and by association to ascertain the sources of phosphorus. The focus was on tracing phosphorus
associated with fine suspended sediment (<10µm diameter), which constitutes about 95% of the
sediment load.
A number of previous studies have reported that the fine sediment transported by the Darling-Barwon
River consists primarily of smectitic clays derived from the weathering of upland basalts, but other
studies suggested that basalt is a minor component of the sediment load. The major element chemistry
of the <10 µm fraction collected from 96 samples along the river is consistent with the sediments
being derived predominantly from weathered granite and sedimentary rock sources. The basaltderived component is less than 5% of the sediment load. The degree of weathering of the transported
sediment also indicates that is does not originate from contemporary upland erosion but is derived
from lowland areas containing more weathered material. Given the degree of weathering of the
sediments the particle-associated phosphorus concentrations in the main channel are not high in
comparison with other systems (Oliver et al. 2000)

11-11

Chapter 11

Concluding discussion and management implications

An analysis of the relative sediment load from each tributary to the load at Bourke was carried out for
the period between 1991 and 1994 when the samples were collected. The major contributors of
sediment to the Darling River at Bourke in order of importance are, the Namoi River (~30%), the
Macquarie-Castlereagh River (~30%), the Border Rivers upstream of Reach 6 (Macintyre and Boomi,
~20%), the Gwydir River (~10%) and the Culgoa and Bogan Rivers (<5%). These estimates contrast
sharply with the long-term water loads at Bourke contributed by each of these systems. The relative
water contributions are, the Namoi River (19%), the Macquarie-Castlereagh River (10%), the Border
rivers upstream of Reach 6 (30%), the Gwydir River (4%) and the Culgoa and Bogan Rivers (22%).
The lack of correspondence between the water and sediment loads may be due to the different time
frames of measurement or may indicate catchment differences in suspended loads.
Contemporary sediment data indicates that the Namoi River is currently a significant source of both
sediment (40-50%) and phosphorus (~49%) to the Darling-Barwon River immediately downstream of
the confluence. However, analysis of data from sediment cores near the confluence indicates that the
long-term contribution from the Namoi has probably been much less, averaging ca. 20%. All of the
contemporary sediment samples were collected during a period when the Namoi River was the
dominant source of water yet despite this it only contributed about 40% of the sediment. This
suggests that for typical flow conditions, when the Barwon contributes ca. 65% of the water volume,
the Namoi would make a much smaller sediment contribution, ca. 20%, which matches that indicated
by data from sediment cores. Transport of sediment and its associated phosphorus depends on the
prevailing flow conditions, and in river systems such as the Barwon-Darling that have a highly
variable flow regime, the source of transported material may also be highly variable. Long-term
records are required to assess the relative impact of tributary systems over time and sediment cores can
provide this information.
Sediment core samples were collected from the Darling-Barwon upstream and downstream of the
Namoi River junction, and from the Namoi River upstream of the confluence (Figure 9.5). Cores were
collected from locations below the bank-full level, where sediment deposition occurs fairly frequently
from minor floods. The oldest dates in sub-samples from the cores were 132 ± 12 and 287 ± 30 years
respectively for cores from the Darling-Barwon upstream and downstream of the Namoi confluence.
There is little variation in the phosphorus concentration down through the cores collected from the
Darling River channel with a mean upstream of 0.145+0.002 wt% P2O5, and a mean downstream of
0.159+0.003 wt% P2O5. These values are consistent with concentrations in contemporary sediment
sampled from the Darling-Barwon channel but are significantly lower than most of the head water
samples.
Given that the cores represent sediment deposited over the last 280 years, the lack of variation
indicates that phosphorus concentrations in the Darling-Barwon channel have remained constant over
this period. The implication of this is that European land management practices that began about 150
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years ago, including any addition of fertiliser phosphorus, have not affected the concentrations of
sediment-associated phosphorus in the Darling-Barwon, at least along the sampled reach.
Phosphorus concentrations in the Namoi River core (Figure 9.5b) increased from 0.16+0.005 to
0.21+0.01 wt% P2O5 about 30 years ago. Prior to this, phosphorus concentrations in the Namoi core
had remained constant for over 100 years. The mean value at the top of the core is consistent with
phosphorus values measured in contemporary sediment sampled from along the lower Namoi.
Investigations were made to identify the cause of the phosphorus enrichment.
Contemporary sediment from the Namoi channel has the same trace element geochemistry as the
material in the top of the sediment core but a trace element contribution from fertiliser could not be
detected. It therefore seems unlikely that the increase in phosphorus concentration is the result of
fertiliser entering the system. Sediment cores collected from along the Namoi River showed that the
sources of sediment in the middle reaches of the Namoi River (Boggabri to Narrabri) changed after
European settlement. Prior to European arrival the sediment mainly originated from sedimentary and
granite rock source areas but much more sediment now comes from upland-basalt rock areas. This
change in source was associated with a 2-fold increase in the phosphorus concentrations on river
sediments. In the upper catchment this increase occurred 150 years ago, in association with extensive
land use change. It is considered likely that the increase in phosphorus concentration apparent in the
core taken from the lower section of the Namoi River is associated with a change in sediment source
that commenced 30 years ago. This means that it took 120 years for the effects of changes to sediment
supply in the upper catchment to impact on the lower reaches. This highlights the inefficiency of
sediment transport in these lowland river systems.
The conclusion from these studies of phosphorus sources is that the particle-bound phosphorus load to
the Darling River is likely to have originated mainly from natural soil sources and that this has not
been altered by any substantial anthropogenic contribution. This does not mean that human activities
within the basin have not impacted on the phosphorus supply. Although in general the amount of
phosphorus associated with particles has not increased, extensive changes in land use have
undoubtedly increased the supply of sediment and associated phosphorus to the system. These
changes are still occurring and will further increase the phosphorus supply to the river. Increases in
basalt derived sediment loads will further increase the phosphorus load.
Although most of the phosphorus load to the Darling River is bound to particles, only a small fraction
of the total load is required to stimulate and support algal growth. Because of this it is difficult to
identify the major sources of the dissolved orthophosphate that is utilised by the phytoplankton. This
is further confounded by the rapid exchange of phosphorus on the surface of suspended particles and
with the bottom sediments. Total Catchment Management plans aimed at reducing nutrient loads
should address both diffuse and point sources as both are playing a role in contributing phosphorus to
the system.
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11.6 Sources of sediment in the landscape
If management strategies are being developed to reduce the delivery of sediment-associated nutrients
to rivers, then the sediment sources need to be identified so that problem areas can be effectively
targeted. Fallout radionuclide tracers were used to determine the land-use types or land-forms that are
the predominant sources of sediment delivered to the waterways of the Darling-Barwon river system.
Concentrations of the radionuclide tracers 210Pbex and 137Cs were used in the Darling-Barwon Basin to
estimate the relative amounts of sediment derived from the three potential catchment sources,
cultivated soils, uncultivated soils and bank erosion from channels or gullies. These tracers distinctly
characterise each of these potential catchment sources. Calculation of the relative contribution from
each of the sources depends on assumptions about the residence time of the sediment, the height of the
channel/gully banks and the unknown addition to river sediment of 210Pb by direct fallout to the river
channel. Two different residence time scenarios that constrained the maximum and minimum values
of catchment derived 210Pb in transported sediments were considered. These values were incorporated
into mixing models that enabled estimates of the maximum and minimum contribution from potential
erosion sources to be determined (Figure 10.2). As very little basaltic material is in transport the
sediments would necessarily come from granitic and sedimentary sources.
If residence time is assumed to be <30 years, then the minimum relative sediment contribution from
channel bank and gully sources is 69+11%, while the maximum contribution from cultivated land is
31+13%, and the lowest contribution (maximum 10+3%) is from uncultivated regions of the
catchment. If the maximum contribution from each is normalised to catchment area the relative yield
of sediment from cultivated land exceeds that from uncultivated lands by a factor of up to 45.
For residence times longer than 40 years the input from cultivated lands can be neglected. A two
component mixing model suggests that as residence time increases there is a reduction in the relative
sediment contribution derived from gully bank erosion (decreasing from a maximum of 75%) and a
continual increase in sediment contribution derived from uncultivated land (rising from a minimum of
25%). If residence times are in excess of 80 years then the model suggests that most of the sediment is
sourced from surface eroded material. Confidence in the predictions provided by these scenarios
requires clarification of the sediment transport processes and improved estimates of the residence time
of fine sediments in the river system.
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11.7 Key implications
The environmental conditions that regulate the occurrence of cyanobacterial blooms in the Darling
River at Bourke are summarised in Figure 11.2. Several possibilities for control of blooms can be
derived from these interactions. It is evident that increased flows within the river reduce the
probability of cyanobacterial blooms despite the relatively high nutrient concentrations that are
commonly observed. Flow in the Darling River is naturally variable as might be expected for a river
that traverses 2,000 km of arid land. However variability of flow has increased as a result of
expanding water extractions for agricultural purposes. In particular, periods of reduced flow occur
more often than previously. An analysis prepared for the Murray Darling Basin Commission
describes the changes in discharge that have occurred to-date and predicts how these will intensify if
proposals for full development of the water resource occurs (Figure 11.3). Taking the lowest 10% of
flows under natural conditions as indicating periods of drought it was found that these flow conditions
had increased their occurrence to 27% of years in 1994 due to water abstraction. If full development
of the proposed water use was allowed these drought flows would occur in nearly 40% of years
(Figure 11.3). Increasing flows at critical times will help to reduce occurrences of cyanobacteria,
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Figure 11.3. Distribution of annual discharge down the Darling River under natural flow conditions,
as a result of the development present in 1994 and if full development of existing entitlements were to
occur.

11-15

Chapter 11

Concluding discussion and management implications

but increased river flows have some disadvantages. Low flows are frequently the result of extensive
water abstractions and so any increase in flow to maintain water quality reduces the availability of
water for extractive purposes. Increased flows also present problems from the ecological perspective.
In these arid systems, low flows were a common occurrence, particularly in summer, and presumably
the river ecosystems have evolved to these conditions. It is likely that the maintenance of increased
flows for algal bloom suppression during summer may disadvantage other components of the natural
food web.
The reduced probability of blooms with increased flows is partially due to wash-out of the
phytoplankton population and partially due to an increase in mixing that reduces light availability.
Further detail is required on the influence of discharge on temperature stratification as this appears
critical in producing the conditions suitable for the development of cyanobacterial blooms. This
should be combined with improved modelling of mixing processes within weir pools. The extent of
the light reduction is also influenced by the turbidity of the water, which reduces the depth of light
penetration. In the Darling River it was found that increases in salinity due to intrusions of saline
ground-water caused suspended particles to sediment so reducing turbidity. As salinities increased
above 300 µS/cm light conditions for algal growth in the weir pool at Bourke greatly improved.
Median salinity in the Darling River is currently 320 µS/cm but this is likely to increase.
The major tributaries of the Darling River, the Upper Barwon (including the MacIntyre), the Namoi,
Culgoa-Balonne, Macquarie and Boomi Rivers together contribute 78% of the flow at Wilcannia.
Currently these tributaries have average salinities in the range 450 to 750 µS/cm but it is expected that
as a result of rising ground waters in the catchments salinities will increase significantly in the future.
Estimates presented in the salinity audit carried out by the Murray-Darling Basin Commission predict
salinity levels in these tributaries of well over 800 µS/cm by 2050 with the Culgoa-Balonne and
Macquarie likely to exceed 1,500 µS/cm. These changes will have a significant effect on water
quality, directly due to restricted ability to use the saline water for agricultural purposes and indirectly
through impacts on turbidity, nutrients and the flora and fauna. Indeed it is possible that the river will
become significantly clearer as salinity levels increase.
Very little data is available on other water quality changes associated with increases in salinity, but a
few measurements from the Darling River in the vicinity of a ground-water intrusion indicated that
dissolved nutrient concentrations were unaffected by the turbidity decline. As the dissolved nutrient
concentrations in the Darling River are usually sufficient to support algal blooms, increased salinity
may enhance the occurrence of blooms unless counteracted by high flows. The inverse relationship
between turbidity and conductivity should be investigated in other sections of the river. Also further
information is required on sources of salinity and their influx to the river and especially important is
the relationship between river discharge and salinity.
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Improved river clarity as a result of catchment management actions to reduce suspended sediment
loads may also improve the growth conditions for algal blooms, although this will be counteracted to
some extent by the associated decline in nutrient delivery. However, there is a further interaction that
may be important in response to improved light penetration into the river but which cannot be easily
assessed due to a lack of data. Anecdotal information from long-time residents along the Darling
River suggests that the river once supported a far more extensive community of submerged and
emergent macrophytes (Thoms et al. 1996). Similar anecdotal observations have been reported for the
Murray and Lachlan Rivers. Loss of river clarity and the arrival and abundance of European carp
have been identified as possible causes for the decline. This observation is important because an
increased presence of macrophytes suggests that riverine conditions may have supported a more
extensive community of attached microalgae and cyanobacteria growing on better-illuminated bottom
sediments and on the macrophyte surfaces. Attached microalgae and cyanobacteria can compete for
nutrients with the phytoplankton community and if present in sufficient numbers can reduce the
likelihood of large phytoplankton populations occurring. The required light penetration and flow
conditions to support riverine macrophytes populations are not well established and further research is
required. Similarly, information on the role of attached microalgae and cyanobacteria in reducing
nutrient availability and controlling phytoplankton populations is required.
Improvements in water clarity due to salinity increases may also lead to larger communities of
attached microalgae and cyanobacteria and also to improved macrophyte growth. This will be
tempered by the sensitivity of these organisms to salinity increases but unfortunately little information
is available to assess this. These are worthwhile areas for further research as they could provide tools
for managing phytoplankton populations by manipulating nutrient conditions through biological
interactions.
Measurements of algal growth in the Darling River suggest that phosphorus often determines how
large a bloom becomes and so efforts to reduce concentrations of this nutrient will have positive
benefits. In the Darling River, a large amount of the phosphorus originates from lowland catchment
soils and the majority of this comes from sub-surface sources including bank erosion. Thus efforts to
minimise soil loss through bank slumping and channel erosion will have benefits. This will be
assisted by development of riverbank (riparian) vegetation strips to intercept nutrients and also
stabilise banks against erosion. Flow management is also important in reducing bank erosion of the
main river channel, as is the provision of off-river stock watering facilities. Construction of wetlands
in identified nutrient drainage areas will be of benefit in appropriate situations. Although fertilisers
have not been identified as contributing significantly to nutrient loads it will be necessary to confirm
and maintain this situation by utilising best management practices to minimise fertiliser loss from
fields.
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Minimisation of nutrient supply from point sources is easier to achieve although not necessarily
inexpensive! Possible measures include tertiary treatment of sewage effluent or land disposal, and the
interception and treatment of irrigation drains, stormwater returns and run-off from animal sheds.
Improved management of some of these point and diffuse sources is already occurring but overall
success will require adoption of a Total Catchment Management (TCM) program for nutrient
reduction. A continued water quality monitoring program should be built into the TCM plan to assess
performance and identify problem areas. Continued, and in some cases improved, monitoring of
hydrology and water quality is essential to the management of the Darling-Barwon River. Without
this information long-term changes cannot be identified and small-scale research projects cannot easily
be extrapolated to describe how the riverine system functions.
In the Darling River it seems that nitrogen is the nutrient in lowest supply for supporting algal growth.
The few detailed measurements available indicate that when environmental conditions become
suitable for algae then growth is initially be limited by nitrogen and this creates conditions that are
advantageous to nitrogen fixing blue-green algae. Reductions of nitrogen loads without concomitant
phosphorus reduction will exacerbate this situation. Under the current conditions nitrogen loads
should be managed so that either they do not increase or they are reduced appropriately in conjunction
with phosphorus reductions. If strategies to reduce phosphorus loads are particularly successful then
nitrogen management strategies should be re-evaluated. The measurements of total nitrogen and total
phosphorus are important because they can indicate whether changes occur in the total load of the
nutrients. However these measures are not suitable for determining nutrient influences on
phytoplankton growth and there is a need to incorporate improved measurements of algal available
nutrients into monitoring programs.
The supply of nutrients from the bottom sediments is a difficult process to manage. Supply from this
source can be minimised if depleted oxygen conditions are not allowed to develop near the watersediment interface. Increased flow will assist in transferring oxygen to the bottom sediments and
reduce the occurrence of low oxygen conditions. Under sustained low flow conditions de-oxygenation
of the bottom waters is likely, especially if temperature stratification develops. In these cases
intervention techniques are required to restrict nutrient supply from the sediments. These techniques
have had varying success and are usually expensive. They include artificial destratification-aeration
devices to mix the water column and increase the oxygen supply, and the use of chemical compounds
for “capping” sediments to prevent phosphorus release. More extensive coverage of the bottom
sediments with attached microalgae and cyanobacteria can also reduce the release of nutrients in a
form suitable for phytoplankton populations but the conditions required for this to occur need further
investigation.
The results of the project clearly demonstrate the hierarchical and complex interplay of factors that
influence water quality and lead to the development of phytoplankton blooms in the Darling River. A

11-18

Chapter 11

Concluding discussion and management implications

simple solution to these problems does not exist and management strategies must cover a wide range
of scales from manipulating riverine conditions to rectifying catchment degradation. The project has
described key processes responsible for the degradation of water quality and identified where
management efforts need to be focussed to improve conditions. In addition, the analyses carried out in
the project have identified areas where data is less than adequate, or in some cases lacking, and where
there is a need for improved monitoring or further investigations to provide the information necessary
for better management. It is hoped that further studies will build on this research as we struggle to
maintain our river systems into the future.
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Appendix A Flow regime and s e diment transport
Accepting that the river gauging data is reliable, there is a need to explain the different mass
balance errors that occur in the data for the mainstream stations situated along the Darling
River (Table 8.3). Figure A1.1a-f shows cumulative daily mass balances, or flow differences,
over the common period of record for each mainstream station listed in Table 8.3. For
example, Figure A1.1a shows variations in water balance at Mogil Mogil, the upper station on
the Barwon River (Station 422004, Figure 8.1 and Table 8.1) from 1975 to 1991. Gradual
falls in balance due to continual withdrawals from the upstream rivers is easily distinguished
from flood events, which show up as discrete steps. Sudden, short duration spikes of reduced
flow are due to mainstream flow lagging in time behind inputs from upstream. The focus of
the following analysis is the water balance errors of flood flows.
Associated with the 1976 flood was a sudden loss of more than 1.5 x 106 Ml of water at Mogil
Mogil, while downstream at Collarenebri (422003) (Figure 8.7b), there was an equivalent
gain of water. This effect was not the result of flow into the ungauged anabranch Ballone
Creek, which bypasses Mogil Mogil, as this anabranch only diverts water from Boomi River
and Gil Gil Creek. It was postulated that the observed error might be due to the ungauged
anabranch, Little Weir River. In principle, Little Weir River diverts Upper Barwon flows
around Mungindi. However, the arrival of these flows would increase the water balance at
Mogil Mogil. Yet negative changes in balance were observed during the large floods of 1971,
1974 and 1976, with greater losses during these floods. Positive balances were observed
during the smaller floods of 1984 and 1988 (Figure A1.1a).
The data suggest that significant water balance errors in this region is not due to ungauged
tributaries or anabranches. Instead it may be due to net water loss from the Upper Barwon to
the floodplain somewhere downstream of Mungindi
At Walgett (Figure A1.1c) there was an apparent increase in water of 3.8 x 106 Ml during the
1976 flood. The mass balance error being due to ungauged runoff in the Namoi River
downstream of Goangra (419026) and Waminda (419049) (Figure 8.1) does not explain this.
The gauged cumulative flow from the two Namoi stations of 1.63 x 106 Ml would have to be
multiplied by 3.33 to reach the required value of 5.4 x 106 Ml at Walgett. It is not considered
possible that the ungauged area downstream of these stations could produce that volume of
water. The area to generate the extra water is less than 5000 km2, requiring >0.75 m of
runoff. The region is very flat and has no connected drainage and the runoff coefficient is

A-1

Appendix A

Flow regime and sediment transport

b.

a.
0

Cumulative Flow 10 Ml

-0.5

6

6

Cumulative Flow 10 Ml

3

-1.0

-1.5

-2.0
1 Jan 75

26 May 78 18 Oct 81 12 Mar 85 4 Aug 88

2

1

0
1 Jan 75 26 May 78 18 Oct 81 12 Mar 85 4 Aug 88 28 Dec 91

28 Dec 91

Time in Days

c.

Time in Days

d.

0

6

Cumulative Flow 10 Ml

6

Cumulative Flow 10 Ml

4

3

2

1

-1

-2

-3

0
1 Jan 75 26 May 78 18 Oct 81 12 Mar 85 4 Aug 88 28 Dec 91

1 Jan 75

Time in Days

e.

26 May 78 18 Oct 81 12 Mar 85 4 Aug 88 28 Dec 91

Time in Days

f.

0

6

Cumulative Flow 10 Ml

3

6

Cumulative Flow 10 Ml

4

2
1

0

-5

-10

-1
1 Jan 75 26 May 78 18 Oct 81 12 Mar 85 4 Aug 88 28 Dec 91

Time in Days

-15
1 Jan 75 26 May 78 18 Oct 81 12 Mar 85 4 Aug 88 28 Dec 91

Time in Days

Figure A1.1 Mass balance discrepancy for water flows, over the period 1975-1991, for
selected mainstream gauging stations: (a) Mogil Mogil, (b) Collarenebri, (c) Walgett, (d)
Brewarrina, (e) Bourke, (f) Wilcannia.
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low (probably <0.05). An unbelievable 15m or more of rainfall would be required to deliver
this volume of water!
Data required to calculate the water balance was collected at Walgett from 1 January 1972.
This permitted an analysis of the water balance for the large 1974 flood which yielded similar
findings to the 1976 results. Furthermore, a positive water balance discrepancy occurred for
all the significant floods (1974, 1976, 1984, 1988). The magnitude of the discrepancy
increased with the magnitude of the flood. An investigation of individual flow events,
dominated by either Barwon or Namoi flows during the period 1972-1991, indicated that
mass balance errors were associated with high Barwon River flows and not with flows from
the Namoi River. It follows from this that there is no basis for attributing substantial mass
balance errors at Walgett to the Namoi River.
At Collarenebri (Figure A1.1b) and Walgett, cumulative water balance discrepancies increase
during each moderate to large flood, with the largest gain occurring during the 1976 flood
which was the largest flood of the period. An excess of 3.8 x 106 Ml, roughly half the Barwon
flow contribution at Walgett was observed. Why these stations appear to receive more water
than is supplied from upstream, with only minor scope for additions from ungauged
tributaries, is a question still to be answered.
Our investigation leads us to the conclusion that the large positive mass balance errors are
most likely due to difficulties inherent in inferring flow rate from stage and surface water
velocity for overbank flows. It is known that the power law approximation, used to estimate
variation of water velocity with depth, breaks down for overbank flows, due to such factors as
high relative roughness of the bed.
The pattern of variation in the cumulative mass balance with time is less clear from
Brewarrina (Figure A1.1d) to Bourke (Figure A1.1e). At Brewarrina the mass balance was
calculated using the sum of the Barwon (422002) and Cato Creek at Brewarrina (422007), but
excluding Tarrion Creek, near Brewarrina (422022) which did not have adequate data, and
which makes a negligible contribution. Water is lost at Brewarrina during the three largest
events, the 1976, 1984 and 1988 floods, but at other times water is gained. This seems
consistent with the hypothesis that during the main floods net loss of water to the floodplain
dominates over the tendency to overpredict flows. However, interpretation would be far more
certain if the possibility of systematic errors in estimating flow could be investigated directly.
In contrast to Brewarrina, there are significant gains in water at Bourke (425003), during
flood events in 1976 and 1983. It appears that the mass balance behaviour does not show a
consistent trend along the main stream. We do not know whether the river and floodplain
morphology in this region changes, causing overbank water to return to the river, but this is
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one possible cause. This issue might be resolved by studying digital elevation models of high
vertical resolution, and by mapping areas where there is evidence of return flow from the
floodplain, such as gullies.
Downstream from Bourke, it seems apparent that net loss of water to the floodplain normally
dominates over any tendency for gauging problems to overpredict flood flows. This can be
seen for Wilcannia in Figure A1.1e. The much shorter reach from Bourke to Louth (425004)
was analysed for the period from 1954 to 1983. At Louth, mass was lost for each major
event, except the very large 1956 flood, when we believe there was substantial flow from the
ungauged tributaries, Mulga Creek and Yanda Creek. These creeks belong to highly
developed drainage networks, and must flow at times.
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