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GLOSSARY
Algae

In this instance, the microscopic photosynthetic organisms
suspended within the water column, but excluding the
Cyanobacteria.

Amber level Alert mode

The circumstance under which a water authority is required to
report that concentrations of cyanobacteria have reached an
NHMRC threshold level. (See Red level Action mode.)

Biovolume

In this instance, the volume of phytoplankton cells present.

Bloom

An increased presence of algae or cyanobacteria, taken here to be at
5000 cells/mL or greater.

Blue-green algae

See Cyanobacteria

Causal model

As used here, a model depicting relationships amongst variables
thought to affect phytoplankton assemblages.

Correspondence analysis

A multivariate statistical technique similar to principal component
analysis (below) but utilizing categorical rather than continuous
data.

Cyanobacteria

Primitive (no nucleus, no internal organelles) photosynthetic
organisms, in this case suspended within the water column.
Less correctly known as blue-green algae.

Diatoms

A particular type of alga, characterised in part by having a firm but
transparent ‘shell’ of silica.

Discharge

The volume of water moving past a point over some time interval
e.g. megalitres per day.

Generalized additive models

Statistical models which blend properties of generalized linear
models with additive models, with a history of being used for water
quality trend analysis.

Hepatotoxin

A substance capable of causing damage primarily to the liver.

Inoculum

Used here as an infusion of phytoplankton material (cells from an
upstream storage, or resting spores from the sediments) necessary
to initiate a population within a river system.

Multivariate analysis

A statistical analysis which looks at the simultaneous and
combined effects of a number of variables.

Neurotoxin

A substance capable of causing damage to nerve tissue.

Phytoplankton

The algae and cyanobacteria suspended within the water column.
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Principal components analysis A technique for making multivariate data easier to understand by
grouping variables so that most of the variation can be accounted
for using a few explanatory factors.
Red level Action mode

The circumstance under which water and health authorities warn
the public of potential health risks due to the presence of
cyanobacteria.

Taxa

See taxon.

Taxon

A taxonomic unit used to describe a grouping of similar organisms
(plural taxa).

Toxin

In this instance, one of a series of poisonous substances present in
cyanobacteria, capable of causing illness or death in higher
organisms.

Water quality

Used here as a term which characterises the physical, chemical and
biological attributes of a water body.

Wavelet analysis

An analysis that simultaneously provides a succinct and accurate
representation of time series data and arrays of spatial data.
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EXECUTIVE SUMMARY
The routine assessment and collection of data relating to phytoplankton (algae and cyanobacteria) in
the River Murray and its major tributaries was initiated by the River Murray Commission in 1980
following amendments to its charter to take water quality into consideration in the operation of its
works.
The research aim for this project was to analyse the phytoplankton dataset currently held by the
Murray-Darling Basin Authority (MDBA) and to provide information for enhanced management
and monitoring to:
1. Understand the patterns of phytoplankton populations (and blooms) along the river and over
time;
2. Understand links between phytoplankton populations with flow, water quality and other
factors, including implications of the results for the management of problems with
cyanobacteria;
3. Refine monitoring locations and frequency to assist management of the River Murray
systems water quality and its impacts upon river health and human uses, and;
4. Inform future monitoring and research directions.
Different parts of the dataset provided were utilised for different analyses. The complete dataset
was used for the assessment of bloom frequency. However, only the nine taxa considered to be of
most interest in the first instance, were assessed when considering the individual taxa. Analysis was
restricted to the period 1994-2008 (due to a change of recording method in 1993). The seven
mainstream sites selected for analysis were chosen on the basis of those with the most complete
data records for phytoplankton, discharge and water quality.
Management Considerations
There are substantial, consistent and statically significant increases in phytoplankton counts across
almost all sites and taxa in the River Murray over the period 1994-2008, with the greatest changes
occurring further up the river. The site at Heywoods consistently showed the largest rates of change,
although note that the Heywoods site started from a lower base.
Tailem Bend stood out as being different to all other sites considered and generally showed the least
change over the period, although it did exhibit substantial increases in Anabaena and
Aphanizomenon. The lower counts at Tailem Bend for Aulacoseira granulata and Aulocaseira
distans are clear. This was generally true also for Total Cyanobacteria, other than the strong
increase in the last few years.
A number of environmental variables were associated with phytoplankton abundance, with
conductivity, silica, discharge and total phosphorus all negatively related. The relationship between
abundance and both Total Kjeldahl Nitrogen (TKN) and turbidity is more complicated and depends
on the site. At Heywoods, both are positively related to abundance, while at Swan Hill both are
negatively related. This may simply reflect the different range of values observed at the two
locations.
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A strong and consistent increase in Total Cyanobacteria and Anabaena was evident across all sites.
There was less change for the diatoms Aulacoseira granulata and Aulacoseira distans. Anabaena
appears to have increased more quickly in the late 1990s. While counts are still clearly increasing,
the growth is less exponential and appears to be slowing. This is different to Total Cyanobacteria
counts which are clearly still showing exponential growth and are thus rising on the basis of
increases in other taxa. A contrasting seasonality was evident between Total Cyanobacteria and
Aulacoseira distans, with Total Cyanobacteria peaking in later summer/autumn and Aulocoseira
distans in spring. The peak also occurred later further down the river.
The effects of discharge and water temperature were found to be statistically significant, but
explained relatively little of the total variation in phytoplankton composition (less that 25%). At
Heywoods, immediately below Lake Hume, the increase in the proportion of cyanobacteria present
in the phytoplankton appeared attributable to decreasing water height in the lake.
The findings indicated that the frequency of algal blooms within the system as a whole has not
changed markedly over the 30 years of the study period, remaining within a one to four year range,
with higher frequencies at the upstream sites and lower frequencies at the downstream sites.
However, there has been an increase in the duration of individual algal blooms at the upstream sites
more recently (i.e. in the 2000s) compared to that previously recorded (in the 1980s) and this
accords with the ever increasing concentrations of Anabaena, Aphanizomenon, Microcystis and
Other Cyanophyceae observed in the higher reaches of the river.
Future Monitoring and Research Directions
As this was a time of intense drought, with major changes in environmental conditions, the
monitoring program was successful in achieving its aims of capturing data on major system
changes. It is critical that the monitoring program continues in order to capture what is a natural
experiment of large proportions, a decadal drought followed by flooding rains.
Given the scope and scale of this review and the complexity of the data, choices in statistical
methods had to be made for a ‘first look’. There is now an opportunity to extend the analysis of
drivers of phytoplankton abundance to more sites, but more importantly to give a stronger
inferential basis for the impact of environmental factors than the dependence on multivariate
associations used to date. In particular, a regression modelling framework (such as generalized
additive models or regressions trees) could be used to characterise the amount of variation
explained by the environmental variables for each taxon and site. It is important to recognise that
some of these covariates may have an indirect effect on the phytoplankton response. For example,
discharge may not affect counts directly but rather through its effects on turbidity and nutrient
supply arising from floodplain inundation. There is an opportunity to consider this more carefully in
future modelling, particularly if there is a desire to build a model with some predictive ability.
The individual analytical outcomes in this project describe links between phytoplankton population
fluctuations and environmental variables, but do not yet give a coherent understanding of responses
that might be used for management purposes.
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1.

INTRODUCTION

1.1 RIVER PHYTOPLANKTON
Most large rivers contain substantial populations of phytoplankton - suspended algae and
cyanobacteria - which play a major role in carbon fixation and food web dynamics, often to the
extent of being the key driver of the instream ecosystem. Such is the case for the Murray River
(Oliver & Merrick 2006) which carries some hundreds of algal/cyanobacterial species and is also
likely for its major tributaries, the Murrumbidgee and Darling Rivers.
The principal factors influencing the presence and growth of phytoplankton in rivers are similar to
those which determine the phytoplankton populations of lakes and wetlands, indeed of all surface
waters and are thus well established.
Inoculum. For rivers, the presence of an inoculum is often emphasised as a key factor – a source of
algae and/or cyanobacteria from an upstream storage or river reach, from resting spores in the
sediments, or from tributary inflows.
Light. The underwater light climate is then an important driver, influenced by how much suspended
material there is within the water column – due to inorganic particles or to the phytoplankton itself
– and by the presence of dissolved inorganic colour derived from soil or plant material.
Turbulence. The degree of turbulence will determine the circulation of phytoplankton cells within
the water column – in and out of the upper ‘photic’ zone – and also select for motile or buoyant
cells when turbulence is low, non-motile and heavier cells when turbulence is high. In this context,
Mitrovic et al. (2003) examined critical flow velocities associated with dominance of the
cyanobacterium Anabaena circinalis in weir pools along the Barwon-Darling River and found that a
velocity of 0.05 metres/second was sufficient to prevent its dominance (via suppression of thermal
stratification within the water column).
Nutrients. The presence of nutrients is essential to phytoplankton growth and an over-supply is
often blamed for the nuisance growth of cyanobacteria and/ or algae (an oversimplification). The
nutrients of most importance are ammonium, oxidised nitrogen, bioavailable phosphorus and silica.
Temperature/Grazing. Other important drivers are temperature, which influences the rate of all
biochemical reactions and the loss of cells to grazing by zooplankton.

1.2 PREDICTING PHYTOPLANKTON POPULATIONS
While due consideration of the above factors may make meaningful predictions of phytoplankton
growth and composition possible within simple, more stable systems such as well-filled lakes and
small storages, the complexity of flowing systems makes such predictions difficult for rivers, except
in the most extreme situations.
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As noted by Harris (1994) in a very detailed discussion of nutrient loadings and algal blooms in
Australian waters, “few predictions can be made about the growth of phytoplankton in rivers” and
“predictions of the species composition of algal blooms are much less secure than predictions of
biomass”. Nonetheless, Harris goes on to say “phytoplankton production dominates the system
dynamics in the lower reaches of regulated rivers” and management actions may be planned based
on the growth of phytoplankton in lakes and storages e.g. using the tools of nutrient control and
maintenance of flow.
Harris also states that “predictions of the occurrence of particular species are fraught with
uncertainty and probably always will be”, but that “manipulation of species composition may be
possible by means of alterations in the frequency components of environmental fluctuations”.
Nevertheless, several individual efforts have been made to understand the primary drivers of
phytoplankton composition and biomass within the Murray-Darling Basin (see Section 1.4 below)
and Australian workers, Oliver & Ganf (2000) produced a very detailed and thorough review of the
factors leading to cyanobacterial blooms (in all waters), including a comprehensive flow chart
which summarized the environmental characteristics both supporting the development of blooms
and selecting for particular genera.

1.3 PROBLEMS WITH CYANOBACTERIA (‘BLUE‐GREEN ALGAE’) AND THEIR
TOXINS
Management problems occur when one or more phytoplankton species gain sufficient competitive
advantage to grow more or less unchecked. This leads to aesthetic issues, to undesirable tastes and
odours, or to the unacceptable presence of cyanobacterial toxins. The latter in particular impact
greatly on human consumption and use, causing difficulties in water treatment and leading to
restrictions on access for recreational purposes.
Several toxic and potentially toxic cyanobacteria routinely occur within the rivers and storages of
the Murray Darling Basin. Principal amongst them are Anabaena, Anabaenopsis, Microcystis,
Aphanizemenon, Cylindrospermopsis, Nodularia and Planktothrix (Figure 1.1).
Much work has been undertaken in the past few decades to characterise the toxins associated with
cyanobacterial cells. This work continues, with guidelines e.g. for drinking water treatment and
recreational water use being progressively reviewed.
The toxins of most concern are listed in fact sheets accompanying the Australian Drinking Water
Guidelines (NHMRC 2004):
Microcystins comprise a complex array of 60 or more cyclic heptapeptide molecules which
damage the gut, liver and testis. Most human and other animal poisonings have been associated
with the genus Microcystis, but microcystins also occur in Anabaena, Planktothrix, Nostoc and
Anabaenopsis (and most likely other genera).
Microcystins have long been linked to significant health problems through recreational contact
(Turner et al. 1990) and in 1996 to more than 70 deaths in Brazil due to inadvertent patient
exposure during kidney dialysis treatment (Jochimsen et al. 1998). A drinking water guideline for
Australia of 1.3 g/L has been established, equating to an indicative cell concentration of
Microcystis aeruginosa of 6500 cells/mL.
The NHMRC has also developed surveillance and alert levels for M. aeruginosa and other
cyanobacteria with regard to recreational water use (NHMRC 2008):
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A Green level Surveillance mode is initiated when ≥500 to <5,000 cells/mL of M. aeruginosa are
present, or there is a biovolume equivalent of >0.04 to <0.4 mm3/L for the combined total of all
cyanobacteria.
An Amber Level Alert Mode requires notification and consultation with health authorities and other
agencies for ongoing assessment of the bloom and equates to:


≥ 5,000 to <50,000 cells/mL M. aeruginosa or biovolume equivalent of ≥ 4 to <4 mm3/L for
the combined total of all cyanobacteria where a known toxin producer is dominant in the
total biovolume.



≥ 0.4 to <10 mm3/L for the combined total of all cyanobacteria where known toxin
producers are not present.

A Red level Action mode requires the local authority and health authorities to warn the public of the
existence of potential health risks and equates to:
Level 1 guideline - ≥ 10 g/L total microcystins or ≥ 50,000 cells/mL toxic M. aeruginosa or
biovolume equivalent of ≥ 4 mm3/L for the combined total of all cyanobacteria where a known
toxin producer is dominant in the total biovolume.
Level 2 guideline - ≥ 10 mm3/L for total biovolume of all cyanobacterial material where known
toxins are not present, or cyanobacterial scums are consistently present.
Cylindrospermopsin is a cytotoxin, and damages almost all cells and tissues. Its major
pathological effects have been identified as liver and kidney damage, with damage also occurring in
the gastrointestinal tract and blood vessels (Falconer et al. 1999; Seawright et al. 1999).
Cylindrospermopsin is most commonly associated with Cylindrospermopsis raciborskii, but has
also been found in Aphanizomenon ovalisporum, Umezakia natans and Raphidiopsis mediterranea.
It was implicated as the cause of a community poisoning by a range of cyanobacterial species on
Palm Island in 1979, leading to the hospitalisation of 148 people (Byth 1980). Water treatment can
effectively remove the toxins, but is made a little more difficult by the high proportion of the toxin
in a healthy population found freely in the water column (Chiswell et al. 1999).
Cell concentrations related to health impacts in humans are yet to be developed, though toxicity
testing using mice has been undertaken e.g. by Seawright et al. (1999).
Nodularin is another hepatotoxin, produced by Nodularia spumigena. Famously associated with
animal deaths in Lake Alexandrina in a “world-first” for scientifically reported cyanobacterial
poisoning (Francis 1878), N. spumigema continues to bloom in (fresh) waters in the lower Murray
(Baker & Humpage 1994). Its propensity to grow well elsewhere in estuarine waters and to
bioaccumulate within shellfish, has been recognised as a possible pathway for human intake
(Falconer et al. 1992).
Data relating cell numbers of Nodularia spumigena to nodularin levels are scant, but it has been
recommended that numbers exceeding 40,000 cells/mL should be reason for notification and further
assessment (NHMRC 2004).
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Saxitoxins and Anatoxins are neurotoxins produced by members of such genera as Anabaena,
Planktothrix, Cylindrospermopsis, Cylindrospermum, Lyngbya and Aphanizomenon. Anabaena
circinalis is an organism of concern in Australia, where it is frequently encountered, with numerous
populations proving to be neurotoxic. Australia again became famous in cyanobacteria circles when
a neurotoxic bloom of A. circinalis extended many 100’s of kilometres along the Darling River in
1991, leading to the declaration of a state of emergency.
Cell densities exceeding 20,000 cells/mL are considered to be of concern, but as yet no human
health guideline value has been determined (NHMRC 2004).

1.4 MURRAY RIVER ISSUES
The Murray River and its tributaries have long been subject to problems with cyanobacteria.
However, the past few years in particular have been a trying time for those managing public health
issues associated with cyanobacteria across the whole Murray Darling Basin, as reduced water
levels in particular have fostered increased phytoplankton populations in many storages.
By way of example, on 8 to 10 February 2010 a substantial cyanobacterial bloom dominated by
Anabaena circinalis was detected from Lake Hume to Yarrawonga Weir, spreading downstream to
Echuca/Moama by mid-February and further to Mildura, although in lesser concentration (Kleeman
et al. 2010). While Anabaena circinalis dominated, Microcystis aeruginosa, Microcystis flos-aquae,
Cylindrospermopsis raciborskii and other cyanobacterial species appeared as the bloom declined
and “the bloom displayed the genetic potential to produce saxitoxins, microcystins and
cylindrospermopsin.” With respect to future management, the stated major objective is “to mitigate
or reduce the extent of cyanobacterial blooms in order to reduce the negative environmental, social
& economic impacts associated with system-wide cyanobacterial blooms in the River Murray”
(Kleeman et al. 2010).
Lake Hume can be a source of cyanobacterial problems in the ‘upper’ Murray, but isn’t always so,
as is illustrated by two comprehensive studies of its phytoplankton by Mateev and Mateeva (2005)
and Baldwin et al. (2008, 2010).
Mateev & Mateeva (2005) reported on plankton work undertaken in Lake Hume from January December 1991 and November 1992 – August 1996, when the lake was rarely below 180 m
(c. 40% capacity). They reported a phytoplankton dominated by the filamentous diatom Aulacoseira
granulata, usually peaking in late autumn – winter. Only one significant incidence of cyanobacteria
was observed, when they comprised almost half of the phytoplankton biomass, but at a time when
the biomass was at its lowest over the six year period of the study. Moreover, they stated “there was
no distinct dinoflagellae/cyanobacterial stage in the seasonal succession of phytoplankton of Lake
Hume in any of the years of observation, because of their low densities”.
Baldwin et al. (2008, 2010) examined water quality and phytoplankton in Lake Hume and its
associated waters over a much shorter period, November 2006 – June 2007, but at a time of extreme
drawdown within the lake (to less than 3% capacity) and their results tell a much different story.
Some 170 phytoplankton species were identified, including 48 species of cyanobacteria (Baldwin
pers. comm.). Cyanobacteria were numerically dominant both within the storage and immediately
downstream, especially so for Anabaena circinalis, Anabaena flos-aquae, Aphanocapsa sp. and
Cylindrospermopsis raciborskii.
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Baldwin et al. (2010) found marked similarity between the phytoplankton community in Lake
Hume and that immediately downstream at Heywoods Bridge, and also that some 100 river km
downstream at Howlong. The strong similarity extended as far downstream as Corowa (some 150
river km) during December 2006 – March 2007, when cyanobacterial levels were sufficiently high
to invoke the Amber and Red NHMRC alerts mentioned above in Section 1.3.
These observations, plus those from other parts of the Murray-Darling system by workers such as
Hotzel & Croome (1994 – phytoplankton of the Darling River; 1996 – population dynamics of
Aulacoseira granulata), Bormans et al. (1997 – temperature stratification and cyanobacteria in the
lower Murray), Sherman et al. (1998 – diatom vs. cyanobacteria populations in a weir pool),
Mitrovic et al. (2003 – impact of flow velocity on cyanobacteria) and Oliver et al. (2010 – influence
of salinity on turbidity and underwater light climate) have led to a better understanding of its
phytoplankton and the factors which influence them. It is hoped the current report will contribute
further to this knowledge base.

1.5 THIS REPORT
The routine assessment of phytoplankton in the Murray River and its major tributaries was initiated
by the River Murray Commission in 1980, as part of its increased charter to take water quality into
consideration in the operation of its works. It was continued by the former Murray-Darling Basin
Commission and now by the Murray-Darling Basin Authority and the database it has generated is
an environmental resource of world standard. Sitting beside the Authority’s water quality and
hydrological databases, it contains the algal and cyanobacterial history of the river – a river within
which the cyanobacteria in particular have recently become critical with respect to continued use
and amenity.
The MDBA phytoplankton database was designed for long-term environmental assessment, its
original objectives being: “to provide long-term data on the algal populations of the River Murray,
in order that changes in the species abundance and composition may be identified and related to
changes in the river environment.”
It is thus not an operational database, but rather one established to assess the long-term biological
impacts of flood versus drought, changes in landuse, changes in abstraction regimes, changes in
climate and the like.
The phytoplankton data were last examined and reported on in toto by Sullivan et al. (1988), in a
benchmark Murray-Darling Basin Commission report. They reviewed the data for 1980-1985,
reported key findings and suggested some revisions to the program. Other authors have used
selected parts of the database to examine specific aspects of the phytoplankton populations within
the system e.g. Hotzel & Croome reported on the phytoplankton in general and cyanobacteria in
particular of the Darling River at Burtundy for the period 1980-1992 (Hotzel & Croome 1994) and
the population dynamics of the principal alga of the Murray system, Aulacoseira granulata, again
for the period 1980-1992 (Hotzel & Croome 1996).
In this report we now utilise the three databases (phytoplankton, water quality and hydrology) in an
overarching statistical assessment of the phytoplankton of the system for the period 1980-2008,
relating their presence and abundance to relevant ecological drivers and taking particular account of
the presence of cyanobacteria as a management concern.
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The research objectives as stipulated in the project brief was to analyse the algal dataset to provide
information to the MDBA for enhanced management and monitoring, specifically seeking to:





2.

understand the patterns of algal populations (and blooms) along the river and over time;
understand links between algal populations with flow, water quality and other factors,
including implications of the results for the management of algal problems;
refine monitoring locations and frequency to assist management of the River Murray System
water quality and its impacts upon river health and human uses, and
inform future monitoring and research directions.

METHODS

Phytoplankton data were provided for 12 sites along the Murray River system, together with
matching data for water quality and discharge (see Figure 2.1).

Figure 2.1: MDBA map showing sites for phytoplankton monitoring program.

The phytoplankton data had been collected weekly from 1980-2008 for nine Murray River sites and
from 1992-2008 for three tributary sites (Barr Creek, Murrumbidgee River, Darling River) – see
Table 2.1.
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Table 2.1: Listing of sample sites and dates for which phytoplankton data was examined. (Note starting
dates for the tributary sites Capels - Barr Ck, Balranald and Burtundy in particular.)

Sampling site
Heywoods
Yarrawonga
Torrumbarry
Capels – Barr Ck
Swan Hill
Balranald
Euston
Merbein
Burtundy
Lock 9
Morgan
Tailem Bend

Start of record
4 Feb 1980
4 Feb 1980
6 July 1978
20 July 1992
4 Feb 1980
10 Aug 1992
4 Feb 1980
4 Feb 1980
28 July 1992
4 Feb 1980
4 Feb 1980
4 Feb 1980

End of record
29 Dec 2008
29 Dec 2008
29 Dec 2008
29 Dec 2008
29 Dec 2008
23 Dec 2008
30 Sept 2008
9 Dec 2008
22 Dec 2008
15 Dec 2008
31 Dec 2008
31 Dec 2008

The phytoplankton database provided had been sorted into 26 ‘taxa’ (Table 2.2). Counts were given
as cells/mL for all taxa but Other Cyanophyceae, for which units/mL were provided. One ‘taxon’ –
Total Cyanobacteria - was added for purposes of analysis.
Table 2.2: The 26 ‘taxa’ into which the phytoplankton data had been aggregated, plus one added for
purposes of analysis.

Cyanobacteria
Anabaena
Anabaenopsis
Aphanizomenon
Cylindrospermopsis
Cylindrospermum
Microcystis
Nodularia
Nostoc
Other Cyanophyceae
Cylindrospermopsis sp.
Planktothrix
Total Cyanobacteria - Added

Algae
Actinastrum
Cryptophyceae
Ankistrodesmus
Euglenophyceae
Aulacoseira distans
Melosira varians
Aulacoseira granulata
Other Chlorophyceae
Centric diatoms
Other Phytoplankton
Chlamydomonads
Pennate diatoms
Chrysomonadales
Planctonema
Chrysophyceae
Scenedesmus

Two of the cyanobacterial taxa - Cylindrospermopsis sp. and Nostoc - occurred once only over the
period of record (at <200 cells/mL). These taxa were thus excluded from detailed individual
analysis.
A preliminary examination of the phytoplankton data for all sites showed more taxa present on any
one sampling occasion after mid-1992. This corresponded with a change in counting practice, from
recording the principal taxa present to mid-1992, to recording ‘all’ taxa thereafter and had a bearing
on the type of statistical analysis possible across the database.
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The counting moved from principal taxa to ‘all’ taxa on different dates for different sites, as shown
in Table 2.3.
Table 2.3: List of sampling sites with dates on which counting moved from principal taxa to ‘all’ taxa.

Sampling site
Heywoods
Yarrawonga
Torrumbarry
Capels – Barr Ck
Swan Hill
Balranald
Euston
Merbein
Burtundy
Lock 9
Morgan
Tailem Bend

Move to ‘all’ taxa
10 May 1993
11 August 1992
28 July 1992
17 August 1992
20 July 1992
10 August 1992
21 July 1992
5 April 1993
28 July 1992
19 July 1992
8 July 1992
6 August 1992

A causal model was developed to guide investigation of relationships between the phytoplankton of
the Murray system and environmental variables (Figure 2.2).

Figure 2.2: Causal model depicting the relationships among variables that are thought to affect
phytoplankton assemblages. Data were available only for the variables shown within solid boxes.
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Selected portions of the data were then subjected to:





visual assessment of phytoplankton data for all sites/taxa
generalized additive model (GAM) analysis of individual taxa and environmental data
multivariate analysis of phytoplankton and environmental data
wavelet analysis of cyanobacterial data.

Detail concerning the analyses used against the questions to be answered is given in Table 2.4.
Table 2.4: The data analysis plan employed in examining the phytoplankton, discharge and water quality
data.
Questions
addressed

Changes over
time in
phytoplankton
abundance
Changes over
time in
phytoplankton
assemblage
Drivers of
change

Initial assessment of
phytoplankton data.

Analysis of data
on selected taxa.

Technique: Plots for
1980-2008 showing
 cyanobacteria at
each site against
discharge
 occurrence of each
taxon for all sites.

Technique:
“Generalized
additive
models” using
1994-2008 data
for nine taxa at
seven sites.





















Analysis of
phytoplankton
community data.
Technique: Site
specific Canonical
correspondence
analysis using
1994-2008 data at
four sites.

Analysis of
frequency of
cyanobacterial
blooms.
Technique:
“Wavelet analysis”
utilising
cyanobacteria data
from 1980-2008.

As can be seen in Table 2.4, different parts of the data set were utilised for the different analyses.
An initial overview, plus a statistical assessment of cyanobacterial bloom frequency, used the entire
1980-2008 data set. Statistical analyses of individual taxa were restricted to the nine taxa considered
to be of most interest in the first instance, to the period 1994-2008 (due to a change of recording
method in 1993) and to the seven mainstream sites with the more complete data records for
phytoplankton, discharge and water quality. For the analysis of phytoplankton community
composition, data use was again restricted to 1994-2008 and to a sub-set of four mainstream sites,
this time chosen by way of example. All data used for these analyses were assumed to be collected
and recorded using the same protocols and considered valid samples. No data, including any zero
counts observed, were omitted from analysis.
For the analysis of the frequency of cyanobacterial blooms, a theshold value of 5000 cells/mL was
chosen. While some aquatic ecologists might consider this to be a relatively low cell concentration,
it matches the Amber Level Alert Mode concentration for recreational waters developed by the
National Health and Medical Research Council for Microcystis aeruginosa, one of the problem
species within the Murray system. [Amber Level Alert Mode: ≥ 5000 to <50,000 cells/mL M.
aeruginosa or biovolume equivalent of ≥ 0.4 to <4 mm3/L for the combined total of all
cyanobacteria where a known toxic producer is dominant (NHMRC 2008)]. A lower threshold
figure of 1000 cells/mL has also been utilised to indicate a substantial contribution to algal biomass
by a particular taxon.
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3.

FINDINGS

The phytoplankton data were assessed in four ways:





Visual assessment of phytoplankton time series plots
Analysis of individual phytoplankton taxa
Multivariate analysis of phytoplankton data
‘Wavelet analysis’ of cyanobacterial data

3.1 VISUAL ASSESSMENT OF PHYTOPLANKTON TIME SERIES PLOTS
Technique used: Plots of individual phytoplankton taxa at all sites.
Justification: Standard assessment before beginning any statistical treatment.
Data used: Phytoplankton counts and discharge data for all sites, 1980-2008.
Given the over-riding concern for the presence of cyanobacteria within the Murray system,
individual plots were first made for each of the 12 sampling sites for 1980-2008, showing discharge
and the occurrence of individual cyanobacterial taxa at >1000 cells/mL.
Plots were then made for each individual phytoplankton taxon at all sampling sites for the period
1980-2008, showing Relative abundance (by total cell count), Presence/Absence, incidence at
>1000 cells/mL and incidence at >5000 cells/mL.
Selected plots are presented below: the full set of plots is included as Appendix I, which also
contains a more detailed text.
The display of cyanobacterial taxa at Heywoods is given twice, once below the Heywoods
discharge data (Figure 3.1) and then again below a plot of Lake Hume water level (Figure 3.2).
Cyanobacterial blooms at >5000 cells/mL occur early and late in the period of record and
populations at >1000 cells/mL also occur during 1994-1997. The blooms seen in the later portion of
the record are of considerable duration and are coincident with reducing water levels in Lake Hume.
Anabaena and Microcystis are substantial contributors, as are Other Cyanophyceae – present at
>1000 units/mL from 2002 onwards, but not placed into individual taxa.
The corresponding data for Euston (Figure 3.3) indicate a more substantial presence of
cyanobacteria at >1000 cells/mL during 1991-2002, with Anabaena and Aphanizomenon being key
players, plus Other Cyanophyceae during the lower flows towards the end of the study period.
The whole-river plot for Aulacoseira granulata (Figure 3.4) is a reminder of its dominance within
the Murray system, occurring as it does at >5000 cells/mL at most sites for much of the study
period.
The whole-river plot for Total Cyanobacteria (Figure 3.5) illustrates their constant presence within
the system and for much of the time at >1000 cells/mL. The bottom-right panel of Figure 3.5 is a
very telling snapshot of the prevalence of cyanobacterial populations at >5000 cells/mL, increasing
with the lower discharge conditions towards the end of the record, but nevertheless being present
through much of the study period at most sites. The plot for Anabaena (Figure 3.6) indicates the
significance of this taxon in particular within the cyanobacterial populations of the system, as it allbut-mirrors the Presence/Absence and >1000 panels for Total Cyanobacteria in Figure 3.5.
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Figure 3.1: Murray River at Heywoods – discharge and cyanobacterial taxa >1000 cells/mL.
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Figure 3.2: Heywoods – Lake Hume height and cyanobacterial taxa >1000 cells/mL.
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Figure 3.3: Murray River at Euston – discharge and cyanobacterial taxa >1000 cells/mL.
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Figure 3.4: Aulacoseira granulata at all sites – relative abundance, presence/absence, >1000 cells/mL and >5000 cells/mL.
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Figure 3.5: Total Cyanobacteria at all sites – relative abundance, presence/absence, >1000 cells/mL and >5000 cells/mL.
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Figure 3.6: Anabaena at all sites – relative abundance, presence/absence, >1000 cells/mL and >5000 cells/mL.
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3.2 ANALYSIS OF INDIVIDUAL PHYTOPLANKTON TAXA
Technique used: Generalized additive models (GAMs)
Justification: Generalized additive models have a history of being used for water
quality trend analysis, their key advantages being in flexible non linear trends (which
are more important over longer time frames and can be a substantial improvement on
linear or polynomial trends), non-Gaussian errors (which can be important because
some water quality parameters have long tails), dependence on other covariates (e.g.
flow, seasonality), identification and handling of outliers and influential observations
through traditional regression diagnostics, incorporation of autocorrelation into
assessments (though not through standard implementation) and the handling of
missing data provided it is not too extensive or there are large blocks of missing
values.
Data used: 1994-2008 data for nine taxa, plus discharge and water quality, at seven
mainstream sites. All data used for these analyses were assumed to be collected and
recorded using the same protocols and considered valid samples. No data, including
any zero counts observed, were omitted from analysis.
Outcome: The following observations are made:
There are substantial, consistent and statistically significant increases in
phytoplankton counts (for the selection of taxa examined) across almost all sites and
taxa over the period 1994-2008.
The greatest changes are occurring further up the river, with Heywoods consistently
showing the largest rates of change, though note that the Heywoods site started from a
lower base than some other sites.
Tailem Bend stood out as being different than the other sites considered, and
generally showed the least change over the 1994-2008 period, though did exhibit
substantial increases in Anabaena and Aphanizomenon. The lower counts at Tailem
Bend for Aulacoseira granulata and Aulacoseira distans are clear. This was generally
true also for Total Cyanobacteria, other than the strong increase in the last few years.
Aulacoseira granulata and Aulacoseira distans generally showed the least change of
the taxa considered, with average increases of less than 5% p.a. Some of these are the
only changes found to not be statistically significant.
The only decreases estimated were for Aulacoseira granulata at Merbein and Tailem
Bend and Cryptophyceae at Tailem Bend. The strong and consistent increase in Total
Cyanobacteria and Anabaena counts across all sites over time is evident. There is less
change in Aulacoseira granulata and Aulacoseira distans, though stronger increases
in the sites further upstream (Heywoods, Yarrawonga).
The contrasting seasonality between Total Cyanobacteria and Aulacoseira distans is
clear, with Total Cyanobacteria peaking in later summer / autumn and Aulacoseira
distans peaking in spring. The peak also occurs later further down the river.
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Anabaena appears to have increased more quickly in the later 1990s. While counts are
still clearly increasing, the growth is less exponential and appears to be slowing. This
is different to Total Cyanobacteria counts which are clearly still showing exponential
growth and are thus rising on the basis of increases in other taxa.
Drivers of change: A number of environmental variables are associated with
phytoplankton abundance, with conductivity, silica, discharge and total phosphorus all
negatively related. The relationship between abundance and both TKN and turbidity is
more complicated and depends on the site. At Heywoods both are positively related to
abundance, while at Swan Hill both are negatively related. This may simply reflect the
different range of values observed at the two locations.
Methods: For a more complete methodology see Appendix II, which also contains
more detailed text.
Generalized additive models (GAMs) were used to examine trends in individual
phytoplankton taxa from the seven sites with the more complete data records:
Heywoods, Yarrawonga, Torrumbarry, Swan Hill, Euston, Merbein and Tailem Bend.
The taxa considered were Aulacoseira granulata, Aulacoseira distans, Anabaena,
Aphanizomenon, Other Cyanophyceae, Actinastrum, Ankistrodesmus and
Cryptophyceae. We also consider Total Cyanobacteria (the sum of Anabaena,
Anabaenopsis, Aphanizomenon, Cylindrospermopsis, Microcystis, Nodularia, Other
Cyanophyceae and Planktothrix).
Given that the phytoplankton recording method changed in 1993 and that data on
water quality and discharge records were more complete from 1994 onwards, data
analysis was restricted to the 1994-2008 period. This is consistent with the approach
described in the multivariate analysis (Section 3.3).
There are two broad statistical analyses considered in this section.
1. Characterising changes in phytoplankton counts over time using trend
analysis.
We considered each taxon in its own right and examined changes over time. For a
phytoplankton taxon count y the basic GAM trend model considered was

log yi  0  1 sin(2 ti )  2 cos(2 ti )  s(ti ; dft )   i
where s(t; dft ) denotes a smoothing spline trend for time t with degrees of freedom,

dft , sin and cos represent the seasonal effects linearly as a single annual cycle
sinusoidal curve and  is the residual error which is assumed to be auto-correlated.
The unit of time t was taken to be one year. The smoothness of the spline time trend is
governed by the degrees of freedom dft . The precise choice depends on the length of
the sequence and the nature of the features that need to be identified. We used df  8
in these analyses.
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An additional analysis considered for several of the more prevalent taxa (Aulacoseira
granulata, Aulacoseira distans, Anabaena and Total Cyanobacteria) examined the
change over time across the 7 sites of interest simultaneously. To do this we used a
generalized additive model that is of the form

log yi  te(day of year,site order,t )   i
2. Characterising drivers of change in phytoplankton counts
Two sites (Heywoods and Swan Hill) were considered in more detail and are
examined for possible drivers of changes in phytoplankton counts. The taxa counts
considered were Total Cyanobacteria, Anabaena and Aulacoseira granulata.
The variables investigated were guided by the causal diagram presented in Section
3.3. The data record for some of the environmental variables is quite patchy, so the
environmental predictors in this analysis were limited to: Discharge, water height in
Lake Hume, Lake Hume volume, pH, water temperature, Turbidity, Conductivity,
Total Kjeldahl Nitrogen (TKN), Total Phosphorus and Silica. While many of these
variables did not have complete coverage, the number of missing values was small
and considered to have a negligible effect on the analysis.
As antecedent conditions with respect to these water quantity and quality variables are
potentially important (rather than just the values at the time of collection), additional
variables were constructed that represented the conditions over the previous 4 weeks,
placing more weight on the recent week, with weights that decay approximately
exponentially to the fourth week. There was a weight parameter to be chosen: this was
set at alpha = 1/3, which gives weights of 0.42, 0.28, 0.18 and 0.12 respectively to the
measurements taken over the 4 weeks.
RandomForests and regression trees were used to identify the most important
predictors of the algal counts. RandomForests are an ensemble regression tree
method. They use two layers of randomness, one for choosing a subset of the data and
one for governing a subset of predictor variables upon which to choose a split for each
node.
Principal components analysis (PCA) is used to summarise the variation across the
nine taxa (and groups) considered here. The count for each taxon is log transformed
and scaled so they all have equal weight. Biplots of the taxa are included to examine
agreement with dominant sources of variation as captured in the first two principal
components and identify taxa that are exhibiting a similar response and perhaps any
that are tracking differently. Biplots are also used to represent important
environmental variables / antecedent conditions and relate those to the major sources
of variation in phytoplankton counts. This is an indirect comparison as there are no
constraint arising environmental variables that affect the PCA in any way.
Results: Characterising changes in individual taxon counts at single sites over time
(for all results see Appendix II).
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The following figures comprise nine plots for Heywoods, Merbein and Tailem Bend
(for all seven sites see Appendix IV), one for each of Aulacoseira granulata,
Aulacoseira distans, Anabaena, Aphanizomenon, Other Cyanophyceae, Actinastrum,
Ankistrodesmus, Cryptophyceae and Total Cyanobacteria. The data are presented on
log scale and a constant 10 is added to avoid any issue with observed zeros. Two lines
are superimposed on each. The trend line is in red and the fitted line, which includes
seasonal effects, is in blue. While there is clearly some substantial unexplained
variation, it is obvious that there are marked increases in phytoplankton counts over
the 1994-2008 period. The linearity on the log-scale is consistent with exponential
growth. Some of the summary model statistics are provided in the box adjacent to
each plot. Amongst other things this includes the linear trend as a % change per
annum. There are notably more zero counts observed between 1994 and 1998 in some
of these plots. No data has however been omitted and it is assumed that this is part of
the general trend observed. From the information made available to us the sampling
and recording protocols were the same throughout the 1994-2008 period, and the
database of a consistent nature. If for some reason zeros were not included in the
database for the latter years, this would have the effect of increasing the steepness of
the trend slope observed.

Tailem Bend

Mean

21.53
24.81
30.04
32.85

22.06
35.07
32.36
24.68

4.68
24.44
32.74
6.79

24.73
28.12
33.11
30.94

21.43

9.46

3.84

2.84

2.28

-1.27

-10.65

3.99

9.89
33.19
26.91
16.41
30.63

-2.33
26.68
22.69
17.25
21.67

3.85
29.42
19.18
17.63
21.86

6.66
29.62
17.75
13.56
20.52

4.17
33.96
18.37
12.29
20.03

3.11
26.07
16.14
9.22
18.60

6.30
13.75
5.82
-3.43
8.94

4.52
27.53
18.12
11.85
20.32

Merbein

25.55
24.22
29.69
34.77

Euston

28.32
24.04
32.84
37.66

Swan Hill

26.15
21.44
34.44
39.21

Yarrawonga

44.83
42.79
39.64
40.60

Heywoods

Total Cyanobacteria
Anabaena
Aphanizomenon
Other
Cyanophyceae
Aulacoseira
granulata
Aulacoseira distans
Actinastrum
Ankistrodesmus
Cryptophyceae
Mean

Torrumbarry

Table 3.1: Linear trend as percentage per annum change over period 1994-2008 for sites and
taxa under consideration.
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The overall changes are summarised in Table 3.1. There are several features that stand
out, including:


There are substantial, consistent and statistically significant increases in
phytoplankton counts across almost all sites and taxa over the period 19942008.



The greatest changes are occurring further up the river, with Heywoods
consistently showing the largest rates of change, though note that the
Heywoods site started from a lower base than some other sites.



Tailem Bend stood out as being different than the other sites considered and
generally showed the least change over the period, though did exhibit
substantial increases in Anabaena and Aphanizomenon.



Aulacoseira granulata and Aulacoseira distans generally showed the least
change of the taxa considered, with average increases of less than 5% p.a.
Some of these are the only changes found to not be statistically significant.



The only decreases estimated were Aulacoseira granulata at Merbein and
Tailem Bend and Cryptophyceae at Tailem Bend.

The individual features of change are best seen through the taxa and site-specific
graphs (below): while there is statistically significant nonlinearity in these trends the
linear trend remains a fairly good summary across the board.
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cont.

River Murray Water Quality Monitoring Program: Phytoplankton Data Trend Analysis 1980-2008

23

5000

Linear trend (original scale) is 40.6 % p.a.
Approx standard error 2.49 % p.a.

500

Approx p-value for linear trend < 0.001

Seasonal maximum occurs in month 3.78
Approx p-value non-linear trend : < 0.001

50

Autocorrelation (first order) = 0.68
% of deviance explained (~Rsquared) by GAM = 72.9 %

10

Other Cyanophyceae + 10

Heywoods : Other Cyanophyceae

1994

1997

2000

2003

2006

2009

Year

5000

Linear trend (original scale) is 21.43 % p.a.

1000

Approx standard error 2.13 % p.a.
Approx p-value for linear trend < 0.001

200

Seasonal maximum occurs in month 4.29
Approx p-value non-linear trend : < 0.001
Autocorrelation (first order) = 0.73

20 50

Aulacoseira granulata + 10

Heywoods : Aulacoseira granulata

% of deviance explained (~Rsquared) by GAM = 66.3 %

1994

1997

2000

2003

2006

2009

Year

5000

Linear trend (original scale) is 9.89 % p.a.
Approx standard error 2.19 % p.a.

500

Approx p-value for linear trend < 0.001

Seasonal maximum occurs in month 8.86
Approx p-value non-linear trend : < 0.001

50

Autocorrelation (first order) = 0.74
% of deviance explained (~Rsquared) by GAM = 46.8 %

10

Aulacoseira distans + 10

Heywoods : Aulacoseira distans

1994

1997

2000

2003

2006

2009

Year

cont.

River Murray Water Quality Monitoring Program: Phytoplankton Data Trend Analysis 1980-2008

24

1000

Linear trend (original scale) is 33.19 % p.a.
Approx standard error 1.45 % p.a.

200

Approx p-value for linear trend < 0.001

Seasonal maximum occurs in month 5.85
Approx p-value non-linear trend : < 0.001

50

Actinastrum + 10

Heywoods : Actinastrum

Autocorrelation (first order) = 0.53

10

% of deviance explained (~Rsquared) by GAM = 85.1 %

1994

1997

2000

2003

2006

2009

Year

1000

Linear trend (original scale) is 26.91 % p.a.
Approx standard error 1.52 % p.a.

200

Approx p-value for linear trend < 0.001

Seasonal maximum occurs in month 6.6

50

Approx p-value non-linear trend : < 0.001
Autocorrelation (first order) = 0.61
% of deviance explained (~Rsquared) by GAM = 78.5 %

10

Ankistrodesmus + 10

Heywoods : Ankistrodesmus

1994

1997

2000

2003

2006

2009

Year

1000

Linear trend (original scale) is 16.41 % p.a.
Approx standard error 1.06 % p.a.

200

Approx p-value for linear trend < 0.001

Seasonal maximum occurs in month 4.8

50

Approx p-value non-linear trend : < 0.001
Autocorrelation (first order) = 0.43
% of deviance explained (~Rsquared) by GAM = 55.1 %

10

Cryptophyceae + 10

Heywoods : Cryptophyceae

1994

1997

2000

2003

2006

2009

Year

Figure 3.7: Heywoods: A log scale presentation of changes over time of key taxa, with trend
line in red and fitted line (which includes seasonal effects) in blue; plus a box of summary
statistics, including the linear trend as % change per annum.
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Figure 3.8: Euston: A log scale presentation of changes over time of key taxa, with trend line
in red and fitted line (which includes seasonal effects) in blue; plus a box of summary
statistics, including the linear trend as % change per annum.
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Figure 3.9: Tailem Bend: A log scale presentation of changes over time of key taxa, with
trend line in red and fitted line (which includes seasonal effects) in blue; plus a box of
summary statistics, including the linear trend as % change per annum.
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The seasonal terms represented in these plots are simple and use a single harmonic
term (made up of a sin and cos function). They allow us to identify general periodic
features in the pattern of counts that can represent a number of factors including
things like temperature, discharge and light which are all seasonal to some extent in
themselves. The representation as a harmonic term allows us to identify the timing of
the seasonal maximum, though this is only an indicative measure and does assume a
constant seasonal effect over time. The latter is unlikely to be that much of an issue if
there are small changes to the season over time, e.g. the season starting earlier or later
for some reason. One obvious feature that is evident is that cyanobacterial taxa and
Total Cyanobacteria are all peaking in the first three months of the year, while the
other taxa are generally peaking in the winter and spring months. Aulacoseira distans
for instance exhibits a consistent peak around September across all sites.
Results: Characterising changes in individual taxa counts across multiple sites over
time.
The consideration of trends for individual taxa and sites is useful and the best way to
describe site and taxon specific changes. Section 3.3 examines changes in
composition over time. In this section we consider changes for specific taxa (Total
Cyanobacteria, Anabaena, Aulacoseira granulata and Aulacoseira distans) across all
the locations simultaneously.
The following are plots from the generalized additive model for log phytoplankton
taxon count, involving a trivariate tensor product spline based on Time, Day of year
and Site. The flexible nature of this model allows us to visualise broad changes along
the Murray River, while allowing for trend and seasonal effects that may vary
between location and each other.
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Figure 3.10: Bivariate smooths over time, space and day of year from generalized additive
model for Total Cyanobacteria, with annotations.
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Figure 3.11: Bivariate smooths over time, space and day of year from generalized additive
model for Anabaena.
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Figure 3.12: Bivariate smooths over time, space and day of year from generalized additive
model for Aulacoseira granulata.
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Figure 3.13: Bivariate smooths over time, space and day of year from generalized additive
model for Aulacoseira distans.

River Murray Water Quality Monitoring Program: Phytoplankton Data Trend Analysis 1980-2008

36

Some of the key features of these plots reinforce some of the previous analyses.


The strong and consistent increase in Total Cyanobacteria and Anabaena
counts across all sites over time is evident. There is less change in Aulacoseira
granulata and Aulacoseira distans, though stronger increases in the sites
further upstream (Heywoods, Yarrawonga).



The contrasting seasonality between Total Cyanobacteria and Aulacoseira
distans is clear, with Total Cyanobacteria peaking in later summer / autumn
and Aulacoseira distans peaking in spring. The peak also occurs later further
down the river.



The lower counts at Tailem Bend for Aulacoseira granulata and Aulacoseira
distans are clear. This was generally true also for Total Cyanobacteria, other
than the strong increase in the last few years.



Anabaena appears to have increased more quickly in the later 1990s. While
counts are still clearly increasing, the growth is less exponential and appears to
be slowing. This is different to Total Cyanobacteria counts which are clearly
still showing exponential growth and thus rising on the basis of increases in
other taxa.

Investigating water quality and quantity drivers of change in phytoplankton
counts
In this section we investigate drivers of change in phytoplankton counts at Heywoods
and Swan Hill. We consider Aulacoseira granulata, Aulacoseira distans, Anabaena,
Aphanizomenon, Other Cyanophyceae, Actinastrum, Ankistrodesmus and
Cryptophyceae and Total Cyanobacteria counts.
Heywoods
For the period 1994 through to 2008, there were 780 weeks. Counts for the taxa /
groups of interest were as follows: Aulacoseira granulata (765), Aulacoseira distans
(765), Anabaena (451), Aphanizomenon (337), Other Cyanophyceae (748),
Actinastrum (415), Ankistrodesmus (757) and Cryptophyceae (765) and Total
Cyanobacteria (765).
Water quality, discharge and records related to Lake Hume were also available. For
analysis purposes these were restricted to the most widely available: Lake Hume
(height, volume); Quantity - Discharge, level; Quality - pH, Water temperature,
Turbidity, Conductivity (two measures), Total Kjeldahl nitrogen, Total phosphorus
and Silica.
The data were reduced to a single complete data set with counts for the algal taxa and
the measurements for all the environmental variables. This reduced the data set to 281
observations.
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Principal components analysis was used to summarise the variation across the nine
taxa (and groups) considered here. The count for each taxon was log transformed and
scaled so they all have equal weight. The first component was found to explain 70%
of the variation and reflects overall abundance as the loadings describe a near uniform
weighted average across all the taxa.
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The second component explains over 10% of the variation and largely identifies the
fact that Aulacoseira distans is responding differently to the other taxa. This comes
out in the biplots in Figure 3.14 that shows how all taxa (other than Aulacoseira
distans) align positively with the first component. The first two components explain
close to 80% of the variation in the counts across the nine taxa and thus give a strong
two–dimensional summary.
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Figure 3.14: First two principal components based on scaled log counts for algal taxa at
Heywoods. The first component relates to total abundance, while the second relates primarily
to Aulacoseira distans. The biplots highlight the relationship between specific taxa and these
components.

Biplots are also used to represent important environmental variables / antecedent
conditions in Figure 3.15. The scores for the observations are identical, all that
changes are the arrows for the association with environmental variables. Time (given
increasing trend), TKN, turbidity and water temperature are all positively associated
with increasing abundance (first component), while the Lake Hume height, silica and
discharge are all negatively related to that component. The directions of these
associations would match expectations, though perhaps not the relative strength of
these effects (e.g. discharge is the smallest of the environmental variables shown).
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The negative relationship with the Lake Hume height is interesting and could capture
several things going on given its level relates to rainfall-runoff history for example.
The direction of the arrows for Conductivity and Water temperature suggests that
Aulacoseira distans may respond differently for these variables to some extent.
Several other environmental variables are not shown because they are weakly related
to the first two components e.g. total phosphorus, or too strongly related to ones that
are e.g. level or Lake Hume volume.
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It is important to reiterate that this approach taken is indirect and that the
environmental variables have no role in construction of the principal components.
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Figure 3.15: First two principal components based on scaled log counts for algal taxa at
Heywoods. The first component relates to total abundance, while the second relates primarily
to Aulacoseira distans. The biplots identify key environmental variables associated with these
two components.

Swan Hill
For the period 1994 through to 2008, there were 780 weeks. Counts for the taxa /
groups of interest were as follows: Aulacoseira granulata (762), Aulacoseira distans
(723), Anabaena (490), Aphanizomenon (474), Other Cyanophyceae (756),
Actinastrum (617), Ankistrodesmus (762) and Cryptophyceae (762) and Total
Cyanobacteria (759). Some taxa are measured more frequently than others.
Water quality and discharge were also available. For analysis purposes these were
restricted to the most widely available.
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Quantity: Discharge, level



Quality: pH, Water temperature, Turbidity, Conductivity, Total Kjeldahl
nitrogen, Total phosphorus, Silica.



Several water quality variable were considered too patchy to use (Colour,
dissolved organic carbon, Nitrate + Nitrite, Nitrogen Oxide, Filtered reactive
phosphorus) in a joint analysis but could be considered further in any follow
up.

Exponentially weighted moving averages were again calculated for the water quality
data to represent recent history. The data was reduced to a single complete data set
with counts for the phytoplankton taxa and the measurements for all the
environmental variables. This reduced the data set to 320 observations.
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A similar approach to principal components analysis was adopted at Swan Hill. The
first two components were found to explain less of the variation than at Heywoods but
still present a useful summary given they account for 62%. The first component was
found to explain 46% of the variation and reflects overall abundance as the loadings,
though with less weight to Aulacoseira distans and Aulacoseira granulate. The
second component is best described as constrast between Aulacoseira distans and
Aphanizomenon and explains over 16% of the total variation. The biplots in
Figure 3.14 confirm these associations.
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Figure 3.16: First two principal components based on scaled log counts for algal taxa at Swan
Hill. The first component relates to total abundance for taxa other than Aulacoseira granulata
and Aulacoseira distans, while the second relates primarily to Aulacoseira distans versus
Aphanizomenon. The biplots highlight the relationship between specific taxa and these
components.
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Figure 3.17: First two principal components based on scaled log counts for algal taxa at Swan
Hill. The first component relates to total abundance for taxa other than Aulacoseira granulata
and Aulacoseira distans, while the second relates primarily to Aulacoseira distans versus
Aphanizomenon. The biplots identify key environmental variables associated with these two
components.

Biplots are also used to represent important environmental variables / antecedent
conditions in Figure 3.17. Time (given increasing trend) and water temperature to a
lesser extent are all positively associated with increasing abundance (first component),
while conductivity, silica, discharge, TKN, TP are all negatively related to that
component. The directions of some of these associations’ changes compared to
Heywoods, i.e. TKN, turbidity change but it is important to note that the ranges of
these variables are also quite different between the sites.
Exploratory data analysis across Heywoods and Swan Hill
In this section we looked at individual relationships between taxa counts and key
water quality variables, in part to look more carefully at some of the relationships
identified in the principal components analysis. The figures below are for discharge
and temperature – for other parameters see Appendix II.
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There are some clear and consistent messages that appear to come from this
exploratory data analysis.


Discharge – phytoplankton counts decrease with increasing discharge,
particularly large discharges, most likely to flushing and dilution effects. Note
that at Heywoods phytoplankton levels were fairly flat as discharge levels
increased until higher discharges were recorded.



Lake Hume – phytoplankton count negatively related to Lake Hume volume /
level, though apparently less so for Aulacoseira distans.



Temperature - consistent relationship exhibited between sites, with increases
in Total Cyanobacteria, Anabaena, Aulacoseira granulata with temperature
and decreases in Ankistrodesmus and Aulacoseira distans with temperature.



Silica - consistent relationship between sites, though broader range of silica
recorded at Heywoods. Lower silica values are associated with higher
phytoplankton counts across all taxa, possibly with the exception of
Aulacoseira distans.



Conductivity - Largely different ranges of conductivity (at 25 oC) recorded at
Heywoods than Swan Hill, with the former substantially lower. Lower
conductivity associated with higher phytoplankton counts at Swan Hill. For
Heywoods, something of a non-linear relationship is present with lower counts
occurring for values ~50. Exploring this further for Heywoods and looking at
the conductivity not corrected to 25 oC there is a fairly linear negative
relationship between conductivity and count.



Nitrogen - Total Kjeldahl nitrogen (TKN) is the most available form of
nitrogen data across both sites for the period of record. There is no total
nitrogen. NOx and Nitrate + Nitrite are only available for different parts of the
time series. For TKN, there are different ranges of values recorded for the two
sites and different relationships, with consistent positive relationship between
count and TKN at Heywoods and consistent negative relationships between
count and TKN at Swan Hill. This feature comes through the PCA as well.



Phosphorus - Total phosphorus is generally lower at Heywoods (separate
scales used in plots). There is, however, a common feature with increasing
phosphorus recorded being associated with lower phytoplankton counts.



Turbidity - Weak but consistently positive relationship between turbidity and
phytoplankton counts at Heywoods. At Swan Hill, which is generally more
turbid, Total Cyanobacteria, Anabaena, Ankistrodesmus and Cryptophyceae
all appear to decrease with increasing turbidity, though the relationship is also
weak.

The relationships described should be seen as recognising associations. Taking the
next step and identifying causative effects is more difficult because associations can
arise simply because two things respond to a common third variable. This is
particularly of concern here with such strong and consistent changes in phytoplankton
counts over the period of interest and other variables that also change consistently
over time and will also be correlated.
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Figure 3.18: Plots for Heywoods and Swan Hill of counts of individual taxa against discharge
(top) and water temperature (below).
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The analyses undertaken could be extended to more sites and be given a stronger
inferential basis rather than the dependence on multivariate associations used here. In
particular, there would be interest in using a regression modelling framework (such as
generalized additive models or regression trees) to characterise the amount of
variation explained by the environmental variables available for each taxon and site.
Key findings
Phytoplankton trends


There are substantial, consistent and statistically significant increases in
phytoplankton counts across almost all sites / taxa over the period 1994-2008.



The greatest changes are occurring further up the river, with Heywoods
consistently showing the largest rates of change, though note that the
Heywoods site started from a lower base than some other sites.



Tailem Bend stood out as being different than the other sites considered and
generally showed the least change over the period, though did exhibit
substantial increases in Anabaena and Aphanizomenon. The lower counts at
Tailem Bend for Aulacoseira granulata and Aulacoseira distans are clear.
This was generally true also for Total Cyanobacteria, other than the strong
increase in the last few years.



Aulacoseira granulata and Aulacoseira distans generally showed the least
change of the taxa considered, with average increases of less than 5% p.a.
Some of these are the only changes found to not be statistically significant.



The only decreases estimated were for Aulacoseira granulata at Merbein and
Tailem Bend and Cryptophyceae at Tailem Bend.



The strong and consistent increase in Total Cyanobacteria and Anabaena
counts across all sites over time is evident. There is less change in Aulacoseira
granulata and Aulacoseira distans, though stronger increases in the sites
further upstream (Heywoods, Yarrawonga).



The contrasting seasonality between Total Cyanobacteria and Aulacoseira
distans is clear, with Total Cyanobacteria peaking in later summer/autumn and
Aulacoseira distans peaking in spring. The peak also occurs later further down
the river.



Anabaena appears to have increased more quickly in the later 1990s. While
counts are still clearly increasing, the growth is less exponential and appears to
be slowing. This is different to Total Cyanobacteria counts which are clearly
still showing exponential growth are thus rising on the basis of increases in
other taxa.

Drivers of change
A number of environmental variables are associated with phytoplankton abundance,
with conductivity, silica, discharge and total phosphorus all negatively related. The
relationship between abundance and both TKN and turbidity is more complicated and
depends on the site. At Heywoods both are positively related to abundance, while at
Swan Hill both are negatively related. This may simply reflect the different range of
values observed at the two locations.
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3.3 MULTIVARIATE ANALYSIS OF PHYTOPLANKTON DATA
Techniques used: (1) Correspondence analysis and (2) Site specific Canonical
correspondence analysis.
Justification: Standard techniques used here to (1) identify possible systematic
patterns in the phytoplankton that could be explained by the environmental variables
recorded for the river system and (2) relate phytoplankton numbers at selected sites to
discharge, water temperature and water height in Lake Hume.
Data used: (1) Phytoplankton, discharge and water quality data for seven mainstream
sites, 1994-2008.
(2) Data for Heywoods, Yarrawonga, Torrumbarry and Swan Hill for phytoplankton,
discharge, water temperature (and water height in Lake Hume) for 1994-2008.
Outcome: (1) Some differences were ascertained between sites and time series plots
indicated evidence of seasonality and a long-term trend in community composition.
Discharge and temperature were found to be important when assessing temporal
changes and differences between sites, but not the whole explanation. (2) It was found
that the effects of discharge and water temperature on phytoplankton composition
were statistically significant. At Heywoods, the effect of Hume Height was also
statistically significant. However, only a small percentage of the total variation (~20%
at Heywoods) in phytoplankton composition was explained by these variables. An
increase in the proportion of cyanobacteria observed at Heywoods towards the end of
the period of record appeared to be attributable to the decreasing height of water in
Lake Hume.
Multivariate analysis was used here to test hypotheses regarding putative causal
relationships between the phytoplankton community composition and the
environmental variables, guided by the causal model (Figure 2.2). The following is
taken from the more complete analysis included as Appendix III.

River Murray Water Quality Monitoring Program: Phytoplankton Data Trend Analysis 1980-2008

45

As a first step, Correspondence analysis (CA) was used for an exploratory analysis of
the phytoplankton data from the seven sites with the more complete data records:
Heywoods, Yarrawonga, Torrumbarry, Swan Hill, Euston, Merbein and Tailem Bend.
The purpose of the analysis was to identify possible systematic patterns that could be
explained by the environmental variables that have been recorded as part of the
monitoring program.
The biplot from this CA analysis is shown in Figure 3.19 and shows that the first two
CA axes account for only 24.7% of the total variation in the data, suggesting there is
considerable noise in the data that will be unexplainable in terms of the environmental
variables. However, some differences were ascertained between sites (see Appendix
III) and time series plots indicated evidence of seasonality and a long-term trend in
community composition, especially at Heywoods.
A canonical correspondence analysis also showed discharge and temperature to be
important when assessing temporal changes and differences between sites, but not the
whole explanation.

Figure 3.19: Biplot from correspondence analysis of phytoplankton data.
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A site-specific Canonical correspondence analysis was then conducted. Due to
patchiness in the data, the analysis was restricted to the period 1994-2008 and to
discharge, water temperature and water height in Lake Hume. The sites used were
Heywoods, Yarrawonga, Torrumbarry and Swan Hill.
It was found that the effects of discharge and water temperature on phytoplankton
composition were statistically significant. At Heywoods, the effect of Hume Height
was also statistically significant. However, only a small percentage of the total
variation (~20% at Heywoods) in phytoplankton composition was explained by these
variables.
The plot for Heywoods is given in Figure 3.20 and shows that higher water
temperatures and lower discharges favour cyanobacteria. A trend in community
composition is evident as an elongated ellipse, correlated with the height of Lake
Hume: low levels in Lake Hume tend to favour cyanobacteria.

Figure 3.20: Biplot for CCA of phytoplankton data from Heywoods.
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In conclusion, while the data are quite noisy, there is evidence of seasonality and a
long-term trend (most noticeably at Heywoods) in the phytoplankton community
composition at Heywoods, Yarrawonga, Torrumbarry, Swan Hill, Euston, Merbein
and Tailem Bend. There is also evidence of differences among the sites that are not
attributable to discharge and temperature. (There was no apparent ordering of the sites
from “upstream” to “downstream”, but the Tailem Bend site did stand apart from the
others).
Higher water temperatures and lower discharge rates appear to favour cyanobacterial
blooms. At Heywoods, the height of Lake Hume is also an important factor and it
seems that lower water levels in Lake Hume favour cyanobacteria at Heywoods. That
is, the trend in phytoplankton composition (i.e. the increase in the proportion of
cyanobacteria) observed at Heywoods appears to be attributable to the decreasing
height of water in Lake Hume.

3.4 ‘WAVELET ANALYSIS’ OF CYANOBACTERIAL DATA
Technique used: Wavelet analysis.
Justification: By decomposing a time series into time–frequency space, one is able to
determine both the dominant modes of variability and how those modes vary in time
(Torrence and Compo, 1998).
Data used: Cyanobacteria counts and discharge at all sites, 1980-2008.
Outcome: The findings indicate that the frequency of algal blooms within the system
as a whole has not changed markedly over the 30 years of the study period, remaining
within a one to four-year range, with higher frequencies at the upstream sites and
lower frequencies at the downstream sites. However, there has been an increase in the
duration of individual algal blooms at the upstream sites more recently (i.e. in the
2000s) compared to what was previously recorded (i.e. in the 1980s).
This analysis was conducted to answer the specific question “Are cyanobacterial
blooms becoming more frequent or more extensive?”, using the sum of all
cyanobacterial taxa (mostly as cells/mL, but including one grouping of units/mL).
The following is taken from the complete analysis, which is included as Appendix IV.
Wavelet analysis is becoming a common tool for analysing localised variations of
power within a time series (Walker 1999) and was utilised here to investigate changes
in frequency of cyanobacterial blooms over time.
Time series for cyanobacteria counts and discharge for the Murray at Torrumbarry,
Merbein and Lock 9 are shown in Figures 3.21, 3.22 and 3.24 and the corresponding
data for the Darling at Burtundy in Figure 3.23. (All sites are displayed in Appendix
IV).
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The time series plots for the upstream sites of Heywoods, Yarrawonga and
Torrumbarry were similar in shape, with blooms occurring at the beginning and end
of the study period (1981-1983, 2002-2008), but with an additional occurrence at
Torrumbarry in 1995 (Figure 3.21).
Further downstream, the shape of the cyanobacterial time series was similar for
Euston and Merbein, with an increase in blooms from 1993 onwards (Figure 3.22).
For the Darling at Burtundy, the highest peaks occurred between 2001-2004, but were
also present up to 2008 (Figure 3.23). At Lock 9 (Figure 3.24) there were several
peaks over the study period, but a little less pronounced than those at many other sites.
The computed wavelet power spectrum for cyanobacteria at Torrumbarry (Figure
3.21) showed bloom frequencies ranging from 1-4 years at the beginning and end of
the study period, with a wider spread in more recent years. At Merbein, the frequency
of cyanobacterial blooms at the end of the study period was between one and two
years (Figure 3.22). The corresponding spectra for the Darling at Burtundy (Figure
3.23) and the Murray at Lock 9 (Figure 3.24) showed the frequency of cyanobacterial
blooms ranging from 1-4 years in the middle of the study period.
The wavelet power spectra for discharge indicated that at the majority of sites
cyanobacterial blooms and discharge peaks occurred over different intervals of years.
However, for Swan Hill and Lock 9 (Figure 3.24) the spectra for cyanobacterial
abundance and discharge both showed one-year frequency of occurrence in the
early/mid 1990s. Wavelet coherence spectra supported the above findings, with a few
areas of wavelet coherence (highlighted in red and surrounded by a black line) in the
spectra being located beyond the frequency of occurrence and discharge peaks. At
Lock 9 (Figure 3.24) there were one or more areas of coherence at the one-year
frequency between 1995-2000, however, this was related to cyanobacterial abundance
peaks below the critical >5000 cells/mL threshold.
By way of conclusion, in answering the question “Are algal blooms becoming more
frequent or more extensive?”, the present findings indicate that the frequency of algal
blooms within the system as a whole has not changed markedly over the 30 years of
the study period, remaining within a one to four-year range, with higher frequencies at
the upstream sites and lower frequencies at the downstream sites. However, there has
been an increase in the duration of individual algal blooms at the upstream sites more
recently (i.e. in the 2000s) compared to what was previously recorded (i.e. in the
1980s).
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Figure 3.21: Cyanobacterial abundance and discharge time series (top) and corresponding
spectra for wavelet power (middle) and wavelet sample coherence (bottom) at Torrumbarry
from 1978 to 2008. The horizontal hatched bar in the cyanobacteria abundance plot indicates
counts >5000 cells/mL. For all spectra, the cone of influence is displayed where edge effects
become important. Other areas highlighted with black lines indicate significance at 0.95.
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Figure 3.22: Cyanobacterial abundance and discharge time series (top) and corresponding
spectra for wavelet power (middle) and wavelet sample coherence (bottom) at Merbein from
1980 to 2008 (cyanobacteria) and from 1984 to 1993 (discharge). The horizontal hatched bar
in the cyanobacteria abundance plot indicates counts >5000 cells/mL. For all spectra, the cone
of influence is displayed where edge effects become important. Other areas highlighted with
black lines indicate significance at 0.95.
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Figure 3.23: Cyanobacterial abundance and discharge time series (top) and corresponding
spectra for wavelet power (middle) and wavelet sample coherence (bottom) at Darling Burtundy from 1996 to 2008 (cyanobacteria) and from 1996 to 2002 (discharge). The
horizontal hatched bar in the cyanobacteria abundance plot indicates counts >5000 cells/mL.
For all spectra, the cone of influence is displayed where edge effects become important. Other
areas highlighted with black lines indicate significance at 0.95.
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Figure 3.24: Cyanobacterial abundance and discharge time series (top) and corresponding
spectra for wavelet power (middle) and wavelet sample coherence (bottom) at Lock 9 from
1981 to 2007. The horizontal hatched bar in the cyanobacteria abundance plot indicates
counts >5000 cells/mL. For all spectra, the cone of influence is displayed where edge effects
become important. Other areas highlighted with black lines indicate significance at 0.95.
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4.

SUMMARY AND COMMENT

4.1 SUMMARY
The Phytoplankton Monitoring Program of the Murray-Darling Basin Authority was
initiated by the former River Murray Commission in 1980 and continues via weekly
sampling at 12 sites on the Murray River and its tributaries, in parallel with the
Authority’s water quality and macroinvertebrate monitoring. (Phytoplankton
comprises both algae and cyanobacteria.)
The phytoplankton program was designed for long-term environmental assessment, its
original objectives being “to provide long-term data on the algal (sic) populations of
the River Murray, in order that changes in the species abundance and composition
may be identified and related to changes in the river environment.” It is thus not an
operational database, but rather one established to assess the long-term biological
impacts of flood versus drought, changes in landuse, changes in abstraction regimes,
changes in climate and the like.
In this report we utilise three databases (phytoplankton, water quality and hydrology)
in an overarching statistical assessment of the phytoplankton of the system for the
period 1980-2008, relating their presence and abundance to relevant ecological drivers
and taking particular account of the presence of cyanobacteria as a management
concern.
Project objectives were to analyse the algal (sic) dataset in particular to provide
information to the MDBA for enhanced management and monitoring, specifically
seeking to:





understand the patterns of algal populations (and blooms) along the river and
over time;
understand links between algal populations with flow, water quality and other
factors, including implications of the results for the management of algal
problems;
refine monitoring locations and frequency to assist management of the River
Murray System water quality and its impacts upon river health and human
uses, and
inform future monitoring and research directions.

Phytoplankton data were available from nine Murray River sites - Heywoods
(immediately downstream of Lake Hume), Yarrawonga, Torrumbarry, Swan Hill,
Euston, Merbein, Lock 9, Morgan, Tailem Bend; and three sites on tributaries –
Capels Crossing on Barr Ck, Balranald on the Murrumbidgee River and Burtundy on
the Darling River (Figure 4.1).
The phytoplankton data provided had been aggregated into 26 taxa and one more –
Total Cyanobacteria – was added for purposes of analysis (see Table 4.1). Two of the
cyanobacterial taxa - Cylindrospermopsis sp. and Nostoc - occurred once only over
the period of record (at <200 cells/mL). These taxa were thus excluded from detailed
individual analysis.

River Murray Water Quality Monitoring Program: Phytoplankton Data Trend Analysis 1980-2008

54

Figure 4.1: MDBA map showing sites for phytoplankton monitoring program.
Table 4.1: The 26 ‘taxa’ into which the phytoplankton data had been aggregated, plus one
added for purposes of analysis.

Cyanobacteria
Anabaena
Anabaenopsis
Aphanizomenon
Cylindrospermopsis
Cylindrospermum
Microcystis
Nodularia
Nostoc
Other Cyanophyceae
Cylindrospermopsis sp.
Planktothrix
Total Cyanobacteria - Added

Algae
Actinastrum
Cryptophyceae
Ankistrodesmus
Euglenophyceae
Aulacoseira distans
Melosira varians
Aulacoseira granulata
Other Chlorophyceae
Centric diatoms
Other Phytoplankton
Chlamydomonads
Pennate diatoms
Chrysomonadales
Planctonema
Chrysophyceae
Scenedesmus

A causal model was developed to guide investigation of relationships between the
phytoplankton of the Murray system and environmental variables (Figure 4.2).
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Figure 4.2: Causal model depicting the relationships among variables that are thought to
affect phytoplankton assemblages. Data were available only for the variables shown within
solid boxes.

Selected portions of the data were then subjected to:





visual assessment of phytoplankton data for all sites/taxa
generalized additive model (GAM) analysis of individual taxa and
environmental data
multivariate analysis of phytoplankton and environmental data
wavelet analysis of cyanobacterial data.

Different parts of the data set were utilised for the different analyses. An initial
overview, plus a statistical assessment of cyanobacterial bloom frequency, used the
entire 1980-2008 data set. Statistical analyses of individual taxa were restricted to the
nine taxa considered to be of most interest in the first instance, to the period 19942008 (due to a change of recording method in 1993) and to the seven mainstream sites
with the more complete data records for phytoplankton, discharge and water quality.
For the analysis of phytoplankton community composition, data use was again
restricted to 1994-2008 and to a sub-set of four mainstream sites, this time chosen by
way of example.
Visual assessment of phytoplankton time series plots
Individual plots were first made for each of the 12 sampling sites for 1980-2008,
showing discharge and the occurrence of individual cyanobacterial taxa at
>1000 cells/mL. Figure 4.3 for Heywoods is included here by way of example.
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Plots were then made for each individual phytoplankton taxon at all sampling sites for
the period 1980-2008, showing Relative abundance, Presence/Absence, incidence at
>1000 cells/mL and incidence at >5000 cells/mL. Figure 4.4 for Total Cyanobacteria
is included by way of example.
The display of cyanobacterial taxa at Heywoods (Figure 4.3) shows that
cyanobacterial blooms at >5000 cells/mL (the value chosen to indicate a bloom) occur
early and late in the period of record and populations at >1000 cells/mL also occur
during 1994-1997. The blooms seen in the later portion of the record are of
considerable duration and are coincident with reducing water levels in Lake Hume.
Anabaena and Microcystis are substantial contributors, as are Other Cyanophyceae –
present at >1000 units/mL from 2002 onwards, but not placed into individual taxa.
The whole-river plot for Total Cyanobacteria (Figure 4.4) illustrates their constant
presence within the system and for much of the time at >1000 cells/mL. The bottomright panel of Figure 4.4 is a very telling snapshot of the prevalence of cyanobacterial
populations at >5000 cells/mL, increasing with the lower discharge conditions
towards the end of the record, but nevertheless being present through much of the
study period at most sites.
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Figure 4.3: Heywoods – Lake Hume height and cyanobacterial taxa >1000 cells/mL.
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Figure 4.4: Total Cyanobacteria at all sites – relative abundance, presence/absence, >1000 cells/mL and >5000 cells/mL.
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Analysis of individual phytoplankton data
Technique used: Generalized additive models (GAMs)
Justification: Generalized additive models have a history of being used for water quality
trend analysis, their key advantages being in flexible non linear trends (which are more
important over longer time frames and can be a substantial improvement on linear or
polynomial trends), non-Gaussian errors (which can be important because some water quality
parameters have long tails), dependence on other covariates (e.g. flow, seasonality),
identification and handling of outliers and influential observations through traditional
regression diagnostics, incorporation of autocorrelation into assessments (though not through
standard implementation) and the handling of missing data provided it is not too extensive or
there are large blocks of missing values.
Data used: 1994-2008 data for nine taxa, plus discharge and water quality, at seven
mainstream sites.
Plots were made for each site showing phytoplankton counts over time. Figure 4.5 for
Heywoods is given here as an example - the trend line is in red and the fitted line, which
includes seasonal effects, is in blue. A marked increase in phytoplankton counts over the
1994-2008 period is apparent.
Four individual taxa were then examined over time, space and day of year across all sites.
The plot for Total Cyanobacteria is included here as an example (Figure 4.6), illustrating a
regularity with respect to both time and space.
Relationships between environmental data and phytoplankton counts were then examined via
principal components analysis. The relevant plot for Heywoods is given (Figure 4.7)
showing, in this case, a positive association between increasing phytoplankton abundance and
TKN, turbidity and water temperature and a negative association between increasing
abundance and lake height, silica and discharge.
Associations were also made between environmental variables and individual taxa at
Heywoods and Swan Hill (Figure 4.8).
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Figure 4.5: Heywoods: A log scale presentation of changes over time of key taxa, with trend line in
red and fitted line (which includes seasonal effects) in blue; plus a box of summary statistics,
including the linear trend as % change per annum.
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Figure 4.6: Bivariate smooths over time, space and day of year from generalized additive model for
Total Cyanobacteria, with annotations.
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Figure 4.7: First two principal components based on scaled log counts for algal taxa at Heywoods.
The first component relates to total abundance, while the second relates primarily to Aulacoseira
distans. The biplots identify key environmental variables associated with these two components.
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Figure 4.8: Plots for Heywoods and Swan Hill of counts of individual taxa against discharge (top)
and water temperature (below).
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The key findings of the above analyses were:












There are substantial, consistent and statistically significant increases in
phytoplankton counts (for the selection of taxa examined) across almost all sites
and taxa over the period 1994-2008.
The greatest changes are occurring further up the river, with Heywoods
consistently showing the largest rates of change, though note that the Heywoods
site started from a lower base than some other sites.
Tailem Bend stood out as being different than the other sites considered and
generally showed the least change over the 1994-2008 period, though did exhibit
substantial increases in Anabaena and Aphanizomenon. The lower counts at
Tailem Bend for Aulacoseira granulata and Aulacoseira distans are clear. This
was generally true also for Total Cyanobacteria, other than the strong increase in
the last few years.
Aulacoseira granulata and Aulacoseira distans generally showed the least change
of the taxa considered, with average increases of less than 5% p.a. Some of these
are the only changes found to not be statistically significant.
The only decreases estimated were for Aulacoseira granulata at Merbein and
Tailem Bend and Cryptophyceae at Tailem Bend.
The strong and consistent increase in Total Cyanobacteria and Anabaena counts
across all sites over time is evident. There is less change in Aulacoseira granulata
and Aulacoseira distans, though stronger increases in the sites further upstream
(Heywoods, Yarrawonga).
The contrasting seasonality between Total Cyanobacteria and Aulacoseira distans
is clear, with Total Cyanobacteria peaking in later summer / autumn and
Aulacoseira distans peaking in spring. The peak also occurs later further down the
river.
Anabaena appears to have increased more quickly in the later 1990s. While counts
are still clearly increasing, the growth is less exponential and appears to be
slowing. This is different to Total Cyanobacteria counts which are clearly still
showing exponential growth and are thus rising on the basis of increases in other
taxa.

Drivers of change: A number of environmental variables are associated with phytoplankton
abundance, with conductivity, silica, discharge and total phosphorus all negatively related.
The relationship between abundance and both TKN and turbidity is more complicated and
depends on the site. At Heywoods both are positively related to abundance, while at Swan
Hill both are negatively related. This may simply reflect the different range of values
observed at the two locations.
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Multivariate analysis of phytoplankton data
Technique used: (1) Correspondence analysis and (2) Site specific Canonical
correspondence analysis (CCA).
Justification: Standard techniques used here to (1) identify possible systematic patterns in
the phytoplankton that could be explained by the environmental variables recorded for the
river system and (2) relate phytoplankton numbers at selected sites to discharge, water
temperature and water height in Lake Hume.
Data used: (1) Phytoplankton, discharge and water quality data for seven mainstream sites,
1994-2008 (2) Data for Heywoods, Yarrawonga, Torrumbarry and Swan Hill for
phytoplankton, discharge, water temperature (and water height in Lake Hume) for 19942008.
Plots included a CCA diagram of the phytoplankton data at Heywoods (Figure 4.9).
Outcome: (1) Some differences were ascertained between sites and time series plots
indicated evidence of seasonality and a long-term trend in community composition.
Discharge and temperature were found to be important when assessing temporal changes and
differences between sites, but not the whole explanation (2) It was found that the effects of
discharge and water temperature on phytoplankton composition were statistically significant.
At Heywoods, the effect of Hume Height was also statistically significant. However, only a
small percentage of the total variation (~20% at Heywoods) in phytoplankton composition
was explained by these variables. An increase in the proportion of cyanobacteria observed at
Heywoods towards the end of the period of record appeared to be attributable to the
decreasing height of water in Lake Hume.
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Figure 4.9: Biplot for CCA of phytoplankton data from Heywoods.

Wavelet analysis of cyanobacterial taxa
Technique used: Wavelet analysis.
Justification: By decomposing a time series into time–frequency space, one is able to
determine both the dominant modes of variability and how those modes vary in time
(Torrence and Compo, 1998).
Data used: Cyanobacteria counts and discharge at all sites, 1980-2008.
Wavelet analysis is becoming a common tool for analysing localised variations of power
within a time series (Walker 1999), being used here to investigate changes in frequency of
cyanobacterial blooms over time.
Interpretive plots included the 1980-2008 data for Torrumbarry (Figure 4.10).
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Outcome: The findings indicate that the frequency of algal blooms within the system as a
whole has not changed markedly over the 30 years of the study period, remaining within a
one to four-year range, with higher frequencies at the upstream sites and lower frequencies at
the downstream sites. However, there has been an increase in the duration of individual algal
blooms at the upstream sites more recently (i.e. in the 2000s) compared to what was
previously recorded (i.e. in the 1980s).
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Figure 4.10: Cyanobacterial abundance and discharge time series (top) and corresponding spectra for
wavelet power (middle) and wavelet sample coherence (bottom) at Torrumbarry from 1978 to 2008.
The horizontal hatched bar in the cyanobacteria abundance plot indicates counts >5000 cells/mL. For
all spectra, the cone of influence is displayed where edge effects become important. Other areas
highlighted with black lines indicate significance at 0.95.
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4.2 COMMENT
The individual analytical outcomes describe links between phytoplankton population
fluctuations and environmental variables, but do not yet give a coherent understanding of
responses that might be used for management purposes. In the following sections an effort is
made to integrate the observed responses by developing possible explanatory scenarios based
on current knowledge of aquatic ecosystems and the Murray River in particular. Although
these conceptual interpretations are not necessarily correct, their purpose is to provide a
framework for debate and to help generate hypotheses that can be tested through more
focussed and detailed analyses of the data.
The discussion also addresses issues of data quality and uses this to make suggestions about
the continuing data collection. Weaknesses and further directions in statistical analysis are
discussed including the unusual period of time that the analysed data sequences covered.
Conceptual interpretations of the results
Substantial increases in phytoplankton counts were observed across most sites and taxa over
the period 1994-2008 (Table 3.1). During this time the south east of Australia entered into a
significant period of drought that continued from 2000 to 2010. The specific taxon time series
(Figures 3.7 to 3.9) indicate that in cases where large and consistent increases in
phytoplankton numbers occurred, these commenced between 1998 and 2000 coincident with
the beginning of the drought period. The largest rates of increase were generally associated
with cyanobacteria followed by green algae, cryptophytes and then diatoms (Table 3.1).
Although this pattern was consistent across sites, the largest positive changes were observed
at Heywoods Bridge just downstream of Lake Hume, while the site showing least change was
Tailem Bend, the furthest site downstream. Between these sites the rate of increase for most
taxa showed either a stable or reducing response in the downstream direction. At the furthest
downstream sites (Merbein and Tailem Bend) the rates of change for some diatoms and
cryptophytes were negative as populations declined in size. The diatom, Aulacoseira
granulata ,which frequently dominates the phytoplankton community along the length of the
Murray River, did not show exactly this typical pattern undergoing little change in population
size for most sites although there was a significant increase at Heywoods Bridge and a
decline at the furthest downstream sites.
This sequence of taxonomic rates of change is reminiscent of the changes in phytoplankton
populations seen in temperate lakes as turbulent mixing decreases due to increasing thermal
stratification from spring through summer. In such seasonal systems, phytoplankton
communities change in dominance from diatoms to green algae to cyanobacteria in response
to improving light conditions, reduced turbulence and variable nutrient availability. The
relative rates of change of taxa within the river channel are suggestive of phytoplankton
communities shifting their structure in these same directions (although not necessarily
reproducing the same distinct dominance sequences) perhaps reflecting similar modifications
in annual environmental conditions.
This would indicate that there were improving light and nutrient conditions at most river sites
over the sampling period. The longitudinal differences suggest a reduction in flow along the
river that might lead to higher probabilities of stratification, even periodic stratification,
particularly at the lower end of the river which showed increased occurrences of
cyanobacteria but reductions in diatoms (see Bormans et al. 1997).
River Murray Water Quality Monitoring Program: Phytoplankton Data Trend Analysis 1980-2008

72

Although phytoplankton population sizes generally increased through the period 1994-2008,
albeit at different rates, these increases overlaid seasonal patterns of population fluctuations,
with different taxa peaking at different times of the year (for details see Appendix II).
Examples of this are the peak occurrences of cyanobacteria mostly in months 2 and 3, peaks
of Aulacoseira granulata mostly in months 10 to 12 and population peaks of Actinastrum and
Ankistrodesmus occurring mostly in winter and early spring. The spring peaks of diatoms and
the summer peaks of cyanobacteria once again reflect the seasonal occurrences of these
groups in stratifying temperate lakes. Perhaps in slow flowing rivers these same patterns
occur. However, it should be noted that in the Murray River there are not only flowing
reaches but also extensive sections ponded behind weirs and these two different habitats are
likely to respond differently to changes in environmental conditions.
To explore possible causes of the population changes in individual phytoplankton taxa, two
sites were chosen for detailed analysis, Heywoods Bridge and Swan Hill. The analyses linked
shifts in population sizes of specific phytoplankton with associated changes in environmental
conditions. The environmental variables used in the analyses had to be reduced significantly
from the total set of measured variables because of the large number of missing
measurements for some. This significantly reduced the scope of the analysis. It is emphasized
that the analytical approach associates variation in phytoplankton numbers with changes in
environmental conditions and does not demonstrate a causal link. However, the approach
provides a means of identifying environmental changes that might have a role in influencing
the population dynamics.
At Heywoods Bridge one of the environmental variables included was the height of water in
Lake Hume, which is only 1 km upstream of the site. The discharge rate at Heywoods Bridge
is often high and there is little opportunity for phytoplankton to develop at the site, most
simply being carried in with the flow from Lake Hume. It was found at this site that time
(given increasing trend), TKN, turbidity and water temperature are positively associated with
increasing abundance for most phytoplankton taxa, while the Lake Hume water height, silica
concentration and discharge are all negatively related.
Some of these relationships are expected, for example phytoplankton numbers are reduced by
increases in discharge in the Murray River (Oliver and Lorenz 2010) because well mixed
conditions with increasing water depth usually enhances light limitation. Temperature
increases within an organism’s physiological bounds are known to enhance population
growth rates provided other factors are not limiting. In contrast, some of the relationships are
unexpected. Phytoplankton numbers are often reduced by increases in turbidity as this can
curtail light penetration and so light availability, but at this site turbidity is positively aligned
with population increases. Other relationships are more obscure, for example why might there
be an inverse relationship between population numbers and the height of water in Lake
Hume?
A conceptual model can be developed from current knowledge to explain these observations.
At this stage it is hypothetical but it could be further tested using the monitoring data.
Previous studies have shown that when Lake Hume is near to full the phytoplankton
community is dominated by moderate concentrations of diatoms and green algae with few
occurrences of cyanobacteria blooms. Under these conditions the phytoplankton increase in
numbers during spring as thermal stratification reduces the mixing depth and creates a 6-7m
thick surface mixed growth zone over the top of a deep water column from which it is
separated by an intense thermal boundary.
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Although there is a constant sedimentation of phytoplankton from the growth zone into the
underlying waters, numbers are small and diluted in the large volume. Water is released from
Lake Hume through outlets near the bottom of the wall and so in this situation released water
is often clear, cold and low in phytoplankton numbers with diatoms as the main groups.
As the water level in the lake falls, these conditions continue to prevail except that increases
in cell numbers within the deeper waters are observed as sedimentation from the growth zone
is into a reducing volume. Eventually the lake water level reaches a stage where the
conditions within the reservoir start to undergo a shift in state. This is a result of the shallow
depth and the small ratio of the growth zone (which on average remains unchanged) to the
underlying waters. In the shallower system, nutrient release from the bottom sediments is into
a smaller volume and river inflows of nutrients are proportionally more important and are less
likely to pass under the growth layer as happens in the deeper stratified system. As mixing is
more likely with shorter periods of continuous stratification the nutrient supplies are
replenished and enhanced in the growth zone. These nutrient enriched conditions with
periodic breakdown of intense thermal stratification are conducive to the growth of buoyant
cyanobacteria and blooms become increasingly prevalent, often dominated by filamentous
species such as Anabaena but with increasing occurrences of colonial forms such as
Microcystis. This shift reflects the ability of the larger colonial forms to utilise vertically
separated resources and to more quickly regain the growth zone after mixing events. The time
series data shows that blooms of Microcystis (>5000 cells/mL) occur in the stations below
Lake Hume towards the end of the sampling period when Lake Hume is at its lowest.
In addition to these improved growth conditions, the falling water level moves the growth
layer closer to the zone of influence of the water outlets near the base of the lake wall, so that
surface water is entrained (see Sherman et al. 2007). With the mixing caused by the outlets
and more frequent mixing events generally, this results in the release of high numbers of
phytoplankton downstream.
In the context of this scenario, phytoplankton numbers would be expected to increase at
Heywoods Bridge as the water level in the lake decreases. Increased concentrations of
diatoms are likely to lead to decreased concentrations of silica, as this is a major nutrient
requirement for these organisms. Turbidity would be expected to increase, generated by the
increased phytoplankton themselves but also due to sediment re-suspension in the shallower
reservoir and the increased effect of river sediment inflows. As TKN measures organic
nitrogen and ammonium, this is expected to increase with reducing lake level because much
organic nitrogen will be associated with the phytoplankton and other organisms associated
with that cell mass, including bacteria and zooplankton. Flows at Heywoods Bridge are
relatively constant except for the last few years of the sampling period when they decline. A
decline in flow could increase phytoplankton numbers as the longer retention time enables
growth within the river channel prior to the sampling site.
However, this is a very short distance and it is more likely that the flow effect is spurious and
a result of reduced flows as reservoir levels decline carrying increased phytoplankton
concentrations from the reservoir due to the low level. At sites further downstream but still
influenced by lake releases (e.g. Yarrawonga) it is possible that phytoplankton growth occurs
during the river passage and at those sites phytoplankton numbers will be influenced by
discharge. The influence of the lake on these upper river sites means that the analyses and the
conceptual interpretation of these results are not relevant to typical river sites.
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A similar analysis was carried out for Swan Hill except that the water level in Lake Hume
was not included as the site is far from the lake influence. At this site the changing
abundances of phytoplankton were not so well aligned with each other suggesting that
different taxa were responding in different ways to the changing environment. However, for
most taxa the major component of change could still be largely attributed to overall
abundance. At this site, time (given increasing trend) and water temperature to a lesser extent
are positively associated with increasing abundance, while conductivity, silica, discharge,
TKN, TP are all negatively related to that component. The directions of TKN and turbidity
are the opposite of the associations observed at Heywoods Bridge.
In trying to place these findings in the context of our current knowledge of the Murray River
a conceptual interpretation was developed to provide hypotheses for further testing. In this
discussion the positive responses to time and temperature are not considered further as one is
the result of increasing populations over time but does not identify a driver of this change,
while the general effect of temperature has been discussed previously.
As noted above, phytoplankton numbers in the Murray River increase as flow diminishes
(Oliver and Lorenz 2010). Increases in diatom concentrations will in general reduce silica
concentrations because of their requirement for this nutrient, assuming of course there is no
major change in supply of silica. Turbidity at Swan Hill is substantially higher than at
Heywoods Bridge and in contrast is likely to be almost entirely due to suspended sediment
and other debris with only a small contribution from phytoplankton (Oliver 1990). In these
situations, decreases in turbidity are likely to enhance phytoplankton growth because the
increased light penetration improves the light climate for phytoplankton. The unexpected
changes in TKN and TP also could be associated with changes in turbidity as suspended
sediments and organic debris contribute a large proportion of these nutrient forms. A
reduction in turbidity, perhaps due to reduced flow velocities or reduced tributary inflows,
could lead to a reduction in TKN and TP despite an increase in phytoplankton numbers which
would be expected to increase the concentrations. There are also complex nutrient cycles
between sediments and the water column that may contribute to this result. It is in the realm
of such complex interactions that the simple correlations of phytoplankton with
environmental variables become more difficult to interpret.
The conductivity as Swan Hill is significantly higher than at Heywoods Bridge and the
simplest explanation of the observed negative association with phytoplankton is that
increased salinity impacts directly on phytoplankton growth. However, the salinities at Swan
Hill do not seem to be sufficiently high for this to be the case as they fall below drinking
water standards. In the Darling River, conductivities of this level played a role in
sedimentation of suspended particles and reducing turbidity leading to an improved light
climate for phytoplankton (Oliver et al. 2010) which would generate a positive effect, the
opposite to that observed.
During the drought period river salinity reduced because of decreased groundwater and
irrigation return water to the river channel while at the same time phytoplankton numbers
increased for other reasons. It seems likely that the negative association between conductivity
and phytoplankton numbers is spurious.
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Although some effort has been made to put the observed associations between environmental
variables and phytoplankton numbers into a conceptual model this is not to imply causality.
Taking the next step and identifying causative effects is more difficult because associations
can arise simply because two things respond to a common third variable. This is particularly
of concern here because there are such strong and consistent changes in phytoplankton counts
over the period of interest and other variables that also change consistently over time will be
correlated.
Despite difficulties with the data sets the analyses demonstrate clear changes in
phytoplankton in the Murray River over the period 1994-2008. As this was a time of intense
drought, with major changes to environmental conditions, the monitoring program was
successful in achieving its aims of capturing data on major system changes. It will be
interesting to see how the river responds to the recent period of high rainfall and extensive
flooding. It is critical that the monitoring program continue in order to capture what is a
natural experiment of large proportions, a decadal drought followed by flooding rains.
Although the program has had its problems it is now sufficiently stable that it should be
possible to capture data with a greater capacity for critical analysis.
Extension of methods
Given the number of sites and taxa and possibly different time periods of interest, there are a
lot of statistical analyses which could be considered when assessing the data. We have made
some choices here to limit some of the analyses given the scope and scale of this review.
In particular, there is now an opportunity to extend the analysis of drivers of phytoplankton
abundance to more sites and give a stronger inferential basis than the dependence on
multivariate associations used here. In particular, there would be interest in using a regression
modelling framework (such as generalized additive models or regression trees) to
characterise the amount of variation explained by the environmental variables available for
each taxon and site. It may be important to recognise that some of these covariates have an
indirect affect on the phytoplankton response. The reality, when one considers a conceptual
or causal model of phytoplankton growth, is that some of these covariates should enter at
different levels of the model. For example, discharge may not affect counts directly but rather
through its effects on turbidity and nutrient supply arising from floodplain inundation. There
is an opportunity to consider this more carefully in future modelling, particularly if there is a
desire to build a model with some predictive ability.

River Murray Water Quality Monitoring Program: Phytoplankton Data Trend Analysis 1980-2008

76

5.

REFINING THE PROGRAM, FUTURE RESEARCH

Refining of monitoring program locations and sampling frequency and informing of future
monitoring and research.
The phytoplankton of the Murray River (and its major tributaries) is a key driver of the
instream ecosystem, playing a major role in carbon fixation and food web dynamics (Oliver
& Merrick 2006). It is also responsible for problems with water quality and social amenity,
via algal and (potentially toxic) cyanobacterial blooms.
Despite difficulties with the dataset, the analyses demonstrate clear changes in phytoplankton
in the River Murray over the period 1994-2008. The MDBA’ Phytoplankton Monitoring
Program has shown its value in assessing both the overall phytoplankton of the system and
the (nuisance) cyanobacteria both in this report and elsewhere. It is a most comprehensive
collation of algal and cyanobacterial data, against which future populations and problems can
be assessed.
As a consequence of undertaking this report, we have reached the stage of identifying some
key drivers of phytoplankton abundance for selected taxa at selected sites. There is now an
opportunity of enlarging this to all taxa and all sites, at the same time extending the
multivariate associations determined here by developing a regression modelling framework to
characterise the amount of variation explained by the individual environmental variables,
possibly including solar radiation and/or light availability - factors not considered directly to
date.
A regression modelling framework would be particularly pertinent if there is a desire to build
a model with some predictive ability. Any detailed recommendations with regard to sampling
locations, monitoring frequency and the like should await a decision with respect to the
efficacy of this analysis.
Hence the suggestion is made that the Authority’s Phytoplankton Monitoring Program should
continue as is for the present, albeit with greater discrimination of individual cyanobacteria
(in an attempt to reduce the number of determinations of ‘Other Cyanophyceae’
>1000 units/mL) and without loss of the original data set from which the 26 ‘taxa’ provided
for this project were drawn.
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