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Chapter 1	 Literature Review

1.1 The world-wide increase in water turbidity and the decline in
submerged water plants

Increased water turbidity has become a major water quality problem worldwide. In Europe,

anthropogenic eutrophication or biotic turbidity (increased algal growth) resulting from

human pollution is the principal cause in rivers, lakes and water storages (Klein 1972, Mason

1991). Suspended inorganic soil particles may also contribute (Moss et al. 1996, Faafeng

and Mjelde 1998). In Australia and Africa, inorganic (abiotic) and biotic turbidity in water

can exist singly or simultaneously (Grobbelaar 1985, Kirk 1985, 1994). In Australia,

inorganic turbidity is seen as a 'natural' state of many rivers, lakes and storages during and

after floods, especially floods following drought, due to the age of the soil, aridity of the

climate and the sparseness of covering vegetation (Woods 1975, Noble and Hemens 1978,

Kirk 1985). There is also evidence that humans have accelerated the natural erosive

processes and hence increased abiotic water turbidity through poor land management

(Henzell 1991, Burston and Good 1996, Moss et al. 1996, Cullen 1997a, White 1997,

Stafford-Smith 1997, Hart 1998).

Europe, Scandinavia and North America have numerous deep and shallow freshwater lakes

that have been intensively studied. Scientists have documented the connection between

turbidity caused by algal blooms and the decline of submerged macrophytes (water plants)

over two decades (Phillips et al. 1978, Balls et al. 1989, Hough et al. 1989, 1991, Moss

1990, Scheffer et al. 1992, Blindow et al. 1992a, Moss et al. 1996b, 1998, Janse 1997,

Kimber et al. 1995, Breukers et al. 1997). In Australia studies in eutrophication and water

plants have lagged behind those overseas. However recent studies in abiotic turbidity have

connected the decline in the water plant, Vallisneria gigantea, in the Murray River at its

confluence with the Darling River, to increased suspended clays leading to low levels of

underwater light (Walker et al. 1994, Blanch 1997). The uprooting of submerged water

plants causing sediment disturbance has also been linked to the European Carp (Cyprinus

carpio) (Roberts et al. 1995, Harris 1997).

In Part 1, turbidity and suspended solids are defined. The effects of turbidity on the decline

and loss of aquatic plants in freshwater systems is discussed from an overseas and Australian

perspective. The opportunities for restoration of submerged plants from both a national and

international context are investigated and the aims of this project are given. In Part 2,

Chapter 2 an introduction to the effects of turbidity and flooding are introduced, and in
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Chapters 2 and 3 the tolerance of turbidity in water plants, emerging from two seed banks, is

explored and then discussed in Chapter 4. In Chapter 5 and 6 the research findings are

examined in relation to reducing turbidity in farm dams. The success or failure of these

methods is discussed in Chapter 7. In Part 3, Chapter 8 the research is summarized and

management recommendations are offered which seek a compromise between the

perceptions of conservationists and agriculturists towards wetland rehabilitation. Appendix

VIII contains copies of newsletters given out during the extension work and water quality

field days undertaken with property owners as well as poster papers presented and other data.

1.2 Definition of turbidity
Turbidity and suspended solids are inseparable physical conditions in a water body and the

connection between turbidity and sedimentation of these suspended solids is direct - turbidity

is reduced when the rate of sedimentation increases. Turbidity, as water scientists use the

word, describes both the amount of visible or suspended soil (inorganic or abiotic) and the

phytoplankton (biological or biotic) suspended in a water body. The abiotic and biotic

turbidities differ in the way the suspended particles absorb and scatter light. 'Scattering

coefficient' is the scientific term used to describe turbidity - the fraction of incident light

which is scattered by suspended particles in the water, divided by the thickness of the layer

of the water (Gippel 1989, Kirk 1994). This thesis adopts the popular use of the term

`turbidity' where low turbidity describes water with a low scattering coefficient or high

clarity, and high turbidity describes water with a high scattering coefficient or low clarity.

The term 'turbidity' includes both biotic and abiotic turbidity except where specific

explanations are required. Turbidity is measured in Nephelometric Turbidity Units (NTU).

Sedimentation describes the deposition of suspended particles from the water column. This

deposit interferes with light absorption and nutrient transfer by plants in both freshwater and

saltwater ecosystems but it is not measured in this thesis.

1.3 Causes of turbidity in Australia
Erosion increased after white settlement of Australia (Haworth 1994, Odgen 1996), and by

the 1970s water turbidity was the visible sign of increased human impact. More recent

increases in water turbidity and the associated sedimentation have been blamed on many

causes (Table 1.1).
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Table 1 1	 Causes and effects of increased abiotic and biotic turbidity in Australian waters, rivers and
wetlands. NB: Some of these references may quote several causes and effects.

Release	 of untreated	 human	 and

animal wastes

White 1998, Boulton and Brock 1999

Direct access by stock Lloyd et al. 1996, Robertson 1997

Soil erosion - deforestation Campbell and Doeg 1989

Soil	 erosion	 -	 introduced	 rabbits

(Oryctolagus cuniculus), goats (Capra

hircus) and other livestock.

Henzell 1991, Stafford-Smith et al. 1997, Reid et

al. 1997, White 1998.

General disturbance - agricultural Caitcheon et al. 1994, EPA 1995, 2000, Odgen

1995, 2000, Pimentel 1995, Fisher 1996, Roberts

and Sainty 1996, Hart 1994.

Creek and channel erosion - loss of

riparian vegetation

Burston and Good 1996, Fisher 1996, EPA 1995,

2000.

Gravel extraction Boulton and Brock 1999

Sedimentation of wetlands Haworth 1994, Wood and Armitage 1997, Brock,

Smith and Jarman 1999.

European Carp (Cyprinus carpio) -

disturbance of sediments

Woods 1975, Roberts et al. 1995, Robertson et al.

1997a, Roberts and Sainty 1996, Harris 1997,

EPA 2000.

Cyanobacterial blooms (biotic) May 1972, Bowling 1994, Verhoeven et al. 1992,

Harris 1995.

Run-off water from disturbed Australian catchments was found to be from 10-100 times

more turbid than run-off from undisturbed catchments (Hart 1994). Mining, urbanization

and road building have also added to the levels of suspended solids in waterways. The

Environmental Protection Authority (EPA) of New South Wales (NSW) started monitoring

water turbidity in NSW, Australia in July 1992 to detect long-term trends. Their NSW Key

Sites Water Quality Monitoring Program began assessing water quality information from

selected sites across NSW, with their main objective being to determine temporal trends in
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water quality. They aimed to identify gradual unidirectional changes over time that could

reflect changes in water quality due to broad-scale anthropogenic disturbance. The water

quality assessments for total phosphorus, turbidity and electrical conductivity (salinity)

presented in the EPA report were for a project funded by the Commonwealth State of the

Environment Reporting (SoER) Unit and the National Land and Water Resources Audit

(NLWRA) (EPA 2000). Turbidity levels used in this thesis for the assessment of water

quality are taken from this report and are: Good <10 NTU, fair >10 and <50 NTU, and poor

>50 NTU (EPA 2000).

In coastal rivers flowing east from the Great Dividing Range, turbidity was generally low (<

5 NTU) but on the western side the highest recording was of 850 NTU at Wilcannia, New

SouthWales on the Darling River (EPA 1995). The higher turbidity in inland Australian

rivers and farm dams is due to the suspended clay, which is partly a natural feature and

caused by the erosion of soils, stream beds and gullies, and which increases downstream.

Increasing numbers of the introduced feral fish species, European Carp (Cyprinus carpio), in

the rivers are also believed to be stirring up sediments.

The sources of suspended solids outlined in Table 1.1 translate into increased turbidity and

sedimentation rates in Australian farm dams, lakes, wetlands, rivers, water storages,

estuaries, coastal zones and coral reefs. Biotic turbidity which is the result of algal blooms

has recently been linked to the decline of submerged water plants in Europe, so a decline in

submerged plants may also be occurring in Australian water bodies as a result of an increase

in abiotic and biotic turbidity. A decline in submerged plants has not yet been documented

or identified as a serious threat in Australian wetlands (See Chapter 1.7.1).

The increased sedimentation of suspended solids removes most of the particle-bound,

insoluble phosphorus, however it may still add to the internal phosphorus loading of a water

body. At some stage in the phosphorus cycle it may become biologically available or soluble

(orthophosphate, PO4-3), in which form it is utilized by phytoplankton Boulton and Brock

1999). The best measure of phosphorus (P) in a water body is through a measurement of

total phosphorus (TP) using filtered and unfiltered water samples to distinguish between the

soluble (SRP) and insoluble phosphorus pools respectively (Hart and Mc Elvie 1986, Wetzel

and Likens 1991, Boulton and Brock 1999). TP is easy to sample and represents an

aggregation of all fractions reaching the water column from various processes and represents

the maximum concentration of P available for biological uptake (EPA 1995). The EPA

specifies TP levels for water quality as: Good <20 1.1g L -1 , Fair 20-50 lig L-1 andpoor > 50 ?As

L-1 (Good <0.02 mg L-1 , Fair 0.02-0.05 mg L -1 , Poor >0.05 mg L-1 ) and these recommended

subjective categories will be followed in this thesis. TP concentrations greater than 100 µg g
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L-1 may result in nuisance algal growth and lead to serious impacts on aquatic ecosystems in

these freshwaters (EPA 2000).

1.4 Turbidity and underwater light
Turbidity affects the light available to water plants in the sediments of rivers and wetlands.

Photosynthetically active radiation (PAR) with a wavelength in the range 400 to 700

nanometers (nm) which enters the water column is absorbed and scattered by the suspended

solids. Scattering makes the light photons ricochet from one particle to another and also

scatter upwards, decreasing light travelling downward (Kirk 1994). Dense blooms of algae

can absorb and scatter light travelling through the water column and this will vary between

species; diatoms may scatter more light due to their silica walls. In contrast, blue-green

algae with gas vacuoles scatter light intensely (Kirk 1994, Reynolds 1997). Suspensions of

soil, clay or glacial flour can cause intense scattering and may or may not significantly

absorb PAR. The environment, soil type and kind of land use influence the concentration of

particles and the intensity of scattering (Kirk 1994). In shallow lakes the re-suspension of

sediments by wind induced turbulence increases light scattering. Turbidity, through its

attenuation of PAR in the water column and its reduction of different wavelengths at depth

has a strong effect on the light environment of submerged water plants.

The study of light energy or irradiance (measured as quanta or photons) and its capture by

photosynthetic organisms in both clear and turbid waters is an intensive and technically

complex subject and is covered in detail by Kirk (1985, 1986, 1994). Various methods are

used to calculate or measure the depth to which light penetrates a water body and to measure

its turbidity. The most common involve the use of irradiance meters, turbidimeters and

secchi discs.

1.5 Effects of turbidity on freshwater ecosystems
1.5.1 Physical effects of turbidity

Many shallow lakes, water storages and wetlands along Australian rivers suffer from the

cumulative effects of inflows of turbid water, the suspended solids (dispersive clays) causing

a persistent and high water turbidity (Kirk 1986, Hart 1998). There is a corresponding

decline in water quality as the phosphate attached to the suspended particles is a potential

source of nutrients to algae. As the particles settle out, phosphate accumulates in the

sediments and can be released under anoxic or reduced conditions (Baldwin and Mitchell

1997, McComb and Qui 1997, Watts 2000).
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Low light conditions can lead to a low benthic oxygen production in the sediments and low

redox values (Van den Berg 1999) where the redox potential is between –100 and +100 mV

and the sediments are highly reducing. Under these conditions phosphates, iron and

manganese are released from the sediments into solution. These sediment conditions are

usually found in eutrophic lakes, deep lakes or reservoirs where deep benthic bacteria and

micro algae consume oxygen during respiration (Boulton and Brock 1999).

Turbidity has also threatened the long term sustainability of native fisheries by causing the

clogging of the gills of fish and fish death but it can favor dominance by carp and other

benthic feeding fish (Harris 1997, Native Fish Australia 1998). Turbidity causes clogging of

the pores and gills of invertebrates leading to their death (Arruda et al. 1983, Gliwicz 1986,

Kirk and Gilbert 1990, Kirk 1991, 1992). In a recent summit meeting on 'Saving the Murray

River', a distinguished Australian limnologist, Professor Keith Walker, acknowledged

turbidity as having been as disastrous to the river environment as salinity. To quote: 'Plants

in the river provide habitats and feeding sites for the animals, so a river without plants is a bit

of a desert' (The Australian, 2001).

1.5.2 Aquatic plant loss or change induced through increased turbidity

In Europe and New Zealand, where turbidity has long been recognized as affecting the

survival of submersed water plants, the relationship between irradiance and photosynthesis in

macrophytes has been well documented for lakes of different depths and clarity (Barko and

Smart 1982, Chambers and Kalff 1985, Sand-Jensen and Borum 1991, van Dijk and van

Vierssen 1991, Blindow 1992b, Tanner et al. 1993, Hill 1996). High inorganic turbidity was

implicated in the reduction of light and consequent losses of submerged macrophytes in

several deep, oligotrophic New Zealand lakes (Johnstone and Robinson 1987, Clayton and

de Winton 1989, Tanner et al. 1993). A change in charophyte species and biomass was

connected with reduced light from increased loading of light scattering glacial 'flour'

(Schwarz and Hawes 1997). In Europe charophytes are also known as stoneworts. They are

low growing aquatic plant-like algae that commonly occur in deep-water lakes and which

can form underwater 'meadows' (RIZA 1999). Charophytes are true water plants in that

they live all their lives below the water's surface. They bind the sediments with a dense

mass of root-like structures called rhizoids that are responsible for attachment and intake of

nutrients (RIZA 1999). Losses of charophytes at shallower depths have been blamed on

wave action (Weisner et al. 1997). Charophytes are known to colonize and dominate

sediments of deep lakes forming Chara meadows since they are physiologically able to

survive under low light levels (Blindow 1992 a, b, Schwarz and Hawes 1997).

Plants surviving in turbid or deep water need to be tolerant of a reduction in light irradiance

and have morphological and/or biochemical adaptations that allow them to tolerate changes
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in light quality as well as quantity. These adaptions can be by stem and leaf elongation,

canopy formation, low light compensation points and chromatic changes (Blindow 1992a,

Kirk 1994). Submerged water plants that have few of these adaptions will be negatively

affected by turbidity (Blindow 1992a). Water plants are affected by increased turbidity in

many ways. These are: (a) through a reduction in the quantity of light through shading by

phytoplankton or suspended solids; (b) through a reduction in the quality of light through

selective absorption and diffusion of different wavelengths caused by dissolved humic

substances (gilvin); insoluble particulates (tripton) or algae; (c) through increased

phytoplankton growth in response to nutrient availability and changes in nutrient availability;

(d) through an increased sedimentation rate and (e) indirectly through a change in depth of

colonization as the result of shading by phytoplankton or suspended solids (Phillips et al.

1978, Cooke et al.. 1978, Young et al.. 1988, Blindow 1992 a,b, Kirk 1994, Hill 1996, Moss

et al. 1996, Casanova et al. 1997, Schwarz and Hawes 1997).

Abiotic turbidity and phosphate are often positively correlated although much of the

phosphate will be bonded to particulate matter and may not be bioavailable. The effects of a

decrease in light caused by increased abiotic turbidity on one hand, and the increased

availability of phosphate on the growth of algal blooms on the other hand, may thus be

indistinguishable. This has created confusion and controversy about the roles of nutrients

versus light; with a split of scientists into two camps with differing opinions. One side

believes high nutrients are the cause of aquatic plant decline as occurs in Europe while the

other side believes that reduced light is the culprit (Biebrick 1996, 1998, Blanch 1997,

Walker 2001). Blindow (1992a) found that the hypothesis that increased phosphates were

toxic to charophytes was unsupported by field and experimental studies and phytoplankton

shading in eutrophic conditions was put forward as an explanation for charophyte decline

under turbid conditions. She then stated that "Light is the most important limiting factor in

turbid lakes".

In Europe and North America the recognized outcome of an increasing reduction in

underwater light through mainly nutrient-enriched turbidity is a decline in water plants and a

`switch' to a dominance by phytoplankton, or emergent and floating forms of macrophytes

(Scheffer 1990, 1998, Sand-Jensen and Borum 1991, Scheffer et al. 1992, 1997, Blindow

1992a,b, Moss et al. 1996, Van den Berg et al. 1998, Jeppensen et al. 1998). In clear, non-

productive sea waters light travels to great depths as scattering is negligible and the

wavelengths of blue and green light both penetrate deeper than red light which is attenuated

more rapidly. In fresh waters however, the blue wavelengths are often more strongly

attenuated by the yellow substances (gilvin) but green wavelengths penetrate further,

followed by red. Differing attenuation of different wavelengths of light passing through a

medium containing abiotic turbidity can change the light quality in a different way than light
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passing through algae (biotic turbidity) but there are few studies on the effect of these

changes to light wavelengths on aquatic plants (Kirk 1994)

1.5.3 Aquatic plant losses through indirect turbidity effects

Not all submerged plant decline can be directly attributed to turbidity per se. Sometimes the

action of benthic feeding fish (cyprinids) disturb the roots of plants, and open the way for

wind driven currents to keep re-suspended sediments in circulation (Meijer et al. 1995,

Jeppesen et al. 1997). Smothering of water plants due to an increased epiphytic (periphyton)

load from increased nutrients (Hough et al. 1989, Weisner et al. 1997) and through fish

predation on the invertebrate grazers that graze this periphyton (Breukers et al. 1997) are

other causes of aquatic plant loss. A cold winter followed by a warm spring and

stratification breakdown causing water overturn bringing nutrient rich water to the surface

may trigger an algal bloom that shades germinating seedlings and prevents aquatic plant re-

establishment (Sand-Jensen and Borum 1991). World wide freshwater toxic algal blooms

are increasing in rivers, lakes and reservoirs particularly near human settlements where

nutrient inputs are high (Falconer 1994, Sivonen 1994). Cyanobacterial (blue-green algal)

compounds were suggested to be toxic to submerged plants (van Vierssen and Prins 1985)

but in a germination experiment (Casanova et al. 1999), the blue-green algal toxins

(microcystin) extracted from Microcystis aeruginosa cells were not found to affect water

plant seeds or seedlings. The only effect was attributable to the shading of seedlings by

films of blue-green algae.

The decline and recovery of submerged aquatic plants in 13 shallow lakes world wide, has

recently been collated (Scheffer 1998). The causes of water plant loss varied but in all cases,

after plants declined, water became more turbid, algal blooms formed or a blue-green algal

species bloomed, usually forming a stable state of algal dominance. Unfortunately these

changes are often permanent, but sometimes the recovery of submerged plants (especially

Chara) is effected through a physical manipulation or biomanipulation of the water body

(Shapiro 1982). In these cases water clarity also increased and algal blooms were

diminished. Many studies in shallow lakes and of the specific manipulations undertaken to

reverse degradation (called 'reverse switches' ) have been recorded (Moss et al. 1996, Perrow

et al. 1997a, Van den Berg 1999). These manipulations have depended on the reversal of

any one of the above factors influencing water plant decline and should, in theory, reduce the

effect of turbidity on water plants and support the reestablishment of water plants.

1.6 Effects of water plants on turbidity

As will be discussed in Chapter 1.10 water plants can become established (or re-established)

as a consequence of reduced turbidity or a period of clear water that might occur in several
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ways. A reduction in the amount of suspended algae or clay could be effected by several

means: allelopathic substances exuded by charophytes could reduce algal biomass (Wium-

Anderson et al. 1982); alternatively there could be no effect (Forsberg et al. 1990). Dense

Chara vegetation has been found to create patches of clear water (Scheffer et al. 1994) and

cause sediment retention and stabilization (Crawford 1979). Vegetation causes

phytoplankton density to decrease as high zooplankton populations shelter in water plants

and graze on algae or clay, and create heavier faeces which settle out (Timms and Moss

1984, Gliwicz 1986, Hart 1986, Scheffer 1998). It has been noted that the removal of carp

and the presence of water plants in western New South Wales, Australia, drain channels

resulted in less turbid water (Sainty and Jacobs 1994).

Submerged vegetation is important to the health of aquatic ecosystems (Moss et al. 1996,

Scheffer et al 1997, 1998) as through several feed back mechanisms it reduces nutrient levels

in the water body and in the sediments (Barko and James 1998), prevents sediment

resuspension (Barko and James 1998), encourages particulate sedimentation (Barko and

James 1998), provides habitat and refuges for alga-grazing zooplankton (Timms and Moss

1984) and actively discourages benthivorous fish (Shapiro 1990) all of which help to keep

the water clear. If water plants can become established they can facilitate or create clear

water conditions, but other environmental factors will affect both the process of

establishment and the ability of water plants to clear the water.

1.7 Decline in submersed water plants in Australia
1.7.1 Historical

Little research exists on the effects of turbidity on water plants in Australian waters (Blanch

1997). Historical records of early white explorers such as Sturt (1833) and Mitchell (1839)

suggest that the turbidity of Australian rivers was highly variable but that edges of rivers had

abundant and diverse communities of aquatic plants (Walker et al. 1994, Blanch 1997). A

palaeontological survey of sediments from Murray River billabongs turned up oospores of

charophytes where charophyte communities no longer existed (Odgen pers. comm.) but these

were not tested for viablility in germination. This suggests that charophytes are present in

the seed bank of the Murray River but does not suggest the reason for their historical decline.

Potamogeton natans was recorded in the year 1817 in waterholes of the Lachlan River where

it is no longer present (Cunningham 1818 in Roberts and Sainty 1996). Historical paintings

in Australian museums and period photographs attest to water plants in and at the edges of

rivers and wetlands which can be visually identified as Vallisneria, Nymphoides,

Potamogeton and Marsilea species (pers. obs.).
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Verbal recordings of older generations spanning 100 years testify to submerged plant losses

and increased turbidity in the Lachlan River and seems to indicate that lakes and rivers once

held a dense cover of such underwater or floating species as Vallisneria, Chara, Nitella,

Myriophyllum, Marsilea and Potamogeton (Roberts and Sainty 1996). Two

palaeolimnological studies of sediments from shallow billabongs above the Murray River,

which are presently devoid of water plants, indicated the fossils of zooplankton that are

known to be associated with aquatic plants. This could imply there has been a regional

decline in aquatic plants since the mid-1800's and that impacts of agriculture on water plant

cover could be much higher than is currently recognised (Odgen 1995, 2000).

1.7.2 Recent

Carp were first connected with the decline in submerged plants and the increase in water

turbidity in the 1960's (Shearer in Sainty and Jacobs 1981) and have invaded almost every

river system in the Murray-Darling Basin. Introduced carp disturb sediments, remove

established plants and inhibit new seedlings, and the different sensitivities of water plants to

disturbance leads to the alteration of water plant communities (Roberts et al. 1995). By re-

suspending sediments through foraging, carp also reduce underwater light irradiance

(Roberts et al. 1995, King et al. 1997).

Australian lakes and stretches of semi-permanent water in rivers (traditionally called lagoons

or billabongs) have different seasonal patterns to European ones. Unlike European and

North American species, many native water plants are adapted to a water regime where

drying is necessary for their reproduction. Since the 1950's and the introduction of large

scale irrigation, many floodplain lakes along the river systems which would normally dry up

in the drier months have become permanent water storages or drainage basins for irrigation

waters through damming and the building of weirs (e.g. Lakes Mokoan, Cargelligo and

Brewster). This change involves their continual flooding and transformation into permanent

storage lakes. The majority of these 'storages' are turbid due to sediment re-suspension and

the sediments in these lakes lack the protective layer of submerged water plants (Roberts and

Sainty 1996). At the margins of these lakes, the preferred habitat for amphibious edge

vegetation (Brock and Casanova 1997), drying may occur and seeds may have a more or less

natural cycle, but this is where the effects of stock grazing and trampling are greatest.

Shallow wetlands and lagoons along the river systems are suffering a decline in water plants

as a result of changed water regimes (Walker et al. 1994, Rea and Ganf 1994 a,b, Brock

1996, Blanch 1997, Casanova and Brock 2000). Stock grazing has been implicated in

aquatic plant losses (Blanch 1991, Roberts and Marston 1997, Robertson 1997b) and many

lakes have been invaded by introduced species (Sainty and Jacobs 1994, Roberts and Sainty

1996). Relatively undisturbed communities of native submerged and floating water plant
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species in the genera Marsilea, Myriophyllum, Potamogeton, Lemna, Azolla and Ludwigia

are still found in 'natural', turbid, semi-permanent freshwater billabongs of Cooper's Creek

near Lake Eyre (pers. obs.). A dense cover of Nitella sp. has been observed on the sediments

of clear, freshwater storages of far-west Queensland towns probably transported there by

waterbirds (pers. obs.). The decline in native water plants brought about by the introduction

of hoofed stock that congregate around water courses could well have an insidious effect on

the sustainability of aquatic systems and their biodiversity.

1.8 Increase in blue-green algae in Australian waters
If reducing turbidity is desirable to reverse the decline in water plants and the destruction of

underwater habitat, then the contradictory argument of some scientists that turbidity is

natural and limits algal blooms should be examined. Some abiotic turbidity is regarded as an

intrinsic condition in Australian waters because of the country's old weathered soils (Kirk

1985, 1986, EPA 2000) and so complete clearing may not be a practical or even a realistic

ecological outcome. Biotic turbidity caused by algal blooms, including blue-green algae, has

also probably been a natural occurrence in Australian waters since white man first settled and

recorded visible changes in the environment (Verhoeven 1992).

However, the frequency, size and persistence of blue-green algal blooms has increased in

NSW over the past 30 years, forcing the State Government to issue perennial public

warnings on water quality (EPA 2000). The high profile of, and interest in the 'famous'

Darling River toxic blue-green algal bloom of 1991 in which the bloom reached 1,000 km in

length, meant that the 'possible causes' suggested through visual observations were made

available to the media before they were supported by research.

One of these observations was that clearing of water preceded blue-green algal blooms and

some scientists suggested this was because more light was available to the oocysts that over-

wintered in the sediments (Verhoeven 1992, Hotzel and Croome 1994, Hart 1994).

Anecdotal information and surveys have suggested that many landowners interpreted this to

mean that turbid water prevented, or clearing triggered, blue-green algal blooms. An equally

valid explanation is that the algae were already active and had initiated the clearing, as

polysaccharide exudations from blue-green algae are known to flocculate algae and clay and

clarify the water (Avnimelech et al. 1982).

1.8.1 Effects of physical changes in the water body on blue-green algae

Effect of water column stability and reduced flows.

The observation of reduced flows and the trend towards conservation of large volumes of

water in a dry land (Jones 1993), producing 'lakes' where none existed before, has led some
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researchers to conclude that water column stability has the most impact on bloom formation

rather than light or nutrient availability. In stable turbid water columns, many suspended

algal communities which depend on turbulence or water movement to reach the photic zone,

soon die from a lack of available light for photosynthesis (Hotzel and Croome 1994).

Stability favours buoyant algae and the settling out of suspended solids. Most other non-

motile or non-buoyant algae may also settle out but for many reasons, such as wind-

generated water currents in weir pools and dams, this does not always occur. In the summer

months, many turbid Australian farm dams stratify, or separate into warmer, less dense and

colder, more dense waters that do not mix, causing the sediments to become anoxic. There

have been several published reports of high algal growth in turbid farm dams (Weatherley

1958 in Woods 1975, May 1974, Casanova et al. 1997) and turbid lakes (Bowling 1994) and

large reservoirs (Verhoeven et al. 1992).

Turbulence

Higher flows in a river, artificial aeration or turbulence and internal water mixing caused by

wind over a water body, can provide the ecological disturbance which can re-set algal

`succession' from blue-green algae back to green algae or diatoms (Reynolds 1994, 1997).

Increased turbulence can inadvertently increase algal biomass if there are sufficient nutrients

in the water column and the green algae are in the photic zone for the time necessary to

absorb all their energy requirements for respiration and reproduction. Another side effect of

turbulence is increased turbidity as sediments are re-suspended into the water column, which

can limit phytoplankton photosynthesis and prevent algal blooms (Woods 1975, Grobbelaar

1985, Verhoeven et al. 1992). Damming, weir building and removal of water through

irrigation has reduced river flows and turbulence and changed the alga and diatom

communities. There is an increased use of water by irrigation and agriculture and reduced

environmental flows, turbulence events in rivers become less frequent or are concentrated

directly below water storages when water is released. As water flows have declined, water

turbidity has increased and sedimentation of suspended solids increases resulting in the

deposition of 'sand plugs' which silt up billabongs and water holes. In this respect, rivers

become similar to shallow dams and wetlands in that they have become enclosed, standing

water bodies rather than running ones with similar high P loads deposited in the sediments.

The algae communities of these waterbodies are dominated by species which are adapted to

stable water columns, low turbulence, high turbidity, high nutrients and the occasional

drying out period (Reynolds 1994, 1998, Jones 1993, Odgen 1995).
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1.8.2 Ecology of blue-green algae

Buoyancy and movement

Algae with buoyancy mechanisms or moving flagellates which are adapted to turbidity and

low light conditions will succeed under stable conditions provided water temperatures and

pH are also agreeable (Jones 1993, Bowling 1994, Reynolds 1997, Casanova et al. 1997).

Another "advantage" of some blue-green algae species is that they are able to sink down to

the anoxic sediments to absorb nutrients that are released by chemical reduction reactions in

the sediments at low dissolved oxygen concentrations (Shapiro 1990, Reynolds 1997), which

makes these algae well adapted to absorbing nutrients under low light situations.

Variety in utilising carbon sources

Increasing pH with the addition of a flocculant such as lime (Ca (OH) 2) may also favour

blue-green algae growth, as many blue-greens can utilise bicarbonate (HCO 3 ) as a carbon

source (Roger 1996, Boulton and Brock 1999), particularly when pH exceeds 8.5 as it does

in soda lakes.

N-fixing and co-existence

It is becoming more accepted that compared to European studies, nitrogen (N) limitation of

algae may be more common in Australian waters which can give a competitive edge to N-

fixing blue-greens under low inorganic nitrogen conditions ((Jones 1993, Reynolds 1997,

1998, Brookes 1998) particularly in stable water column conditions. Blooms of Anabaena

circinalis, a N-fixing blue-green algae species, are occurring with increasing frequency and

intensity in the Murray Darling Basin and a toxic effect was observed in approximately half

the samples in which this species was dominant (Baker and Humpage 1994). Microcystis

sp., which does not fix its own source of nitrogen, often succeeds or co-exists with Anabaena

circinalis. Many blue-green algal blooms in Australia are probably the result of an

imbalance in the phosphate concentration in the nitrogen and phosphate ratio, rather than the

result of eutrophication caused by an excess of nutrient inputs. The latter is more common to

waters where poorly treated stock and human wastes with high organic matter and

phosphorus loads are discharged (Verhoeven et al. 1992, Brookes 1998). Stock access to

waterbodies can contribute to the increase in algal and blue-green algal blooms through

additions of phosphates and organic matter to the waterbody. There are many references that

associate high turbidity levels with high phosphorus levels, a nutrient which stimulates algal

blooms when bioavailable (Harris 1985, Bowling 1994, Kirk 1994, Casanova et al. 1997,

Reynolds 1998).

1.8.3 Summary of blue-green algal survival skills

In summary, blue green algae have a combination of survival traits in which they -
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• tolerate higher pH and utilise the carbon from the bicarbonate ion under conditions of low

dissolved carbon dioxide

may fix their own nitrogen or co exist with N fixers

• survive low light and stratified conditions through buoyancy and form colonies that slow

their rate of sinking (Jones 1993, Reynolds 1997, Bowling 1994)

• obtain P from the sediments

• overwinter as akinetes in the sediments

• survive desiccation

• are toxic or inedible to most invertebrates

Because of this range of survival characteristics they can out compete other species to

become a monoculture in a waterbody. Under dominance by blue-greens the water pH can

rise to greater than 9.0 at which the toxic gas, ammonia (NH3 ), can form, causing fish and

invertebrate kills (Verhoeven 1992, Reynolds 1998, Boulton and Brock 1999).

A few of the chemical, biological and physical methods (or combinations of methods) used

to control blue-green algae are discussed in Chapter 5. These are too numerous to be

discussed here but several incorporate nutrient removal, both short and long term. The use

of chemical treatments with copper, aluminium and ferrous sulphate, calcium carbonate,

calcium hydroxide and gypsum are relatively well documented in the 1990's. Biological

treatments include use of grazing Cladocera and copepod sp. Eg Daphnia pulex,

planktivorous fish removal, carp removal, fungal pathogens, viral pathogens, barley straw,

and emergent and submerged water plants. Physical treatments include increased water

flows and turbulence, water depth fluctuation, aeration and sediment sealing (Schindler et al.

1973, Shapiro et al. 1975, Boyd 1979, Crawford 1979, Chambers and Kalff 1985, Foy and

Fitzsimons 1987, Murphy et al. 1988, Babin et al. 1989, 1994, McComas 1989, Martin and

Connor 1989, Prepas et al. 1990, Welch and Kelly 1990, Raman 1991, Cooke et al. 1978,

1993, Jones 1993, EPA 1994, Reynolds 1994, 1998, Mandaville 1995, Moss et al. 1996a,

Hagley et al. 1996, Wright et al. 1996, Jeppensen et al. 1997, King et al. 1997, Robertson et

al. 1997, Douglas 1998, Romanowski 1998).

If the view that water column stability and stratification with high TP loads is the main

combination of conditions which trigger blue-green algal blooms, then clearing of the water

column should not initiate a bloom. It can be argued that clear and stable water columns
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may experience higher growths of more edible, non-buoyant species of algae (provided

inorganic nitrogen is not limited), since there would be more light transmitted to a greater

depth. On the other hand, increasing light may also favour macrophyte growth that would

then compete with algae for available nutrients.

Clarifying the water is only one step in improving water quality in farm dams and lakes, and

managing algal blooms depends upon sustaining good water quality. The restoration of

water plant growth may be a viable option for long term algal management and will be

discussed in Chapter 1.10.

1.9 A local scale problem: New England Region of New South Wales

The New England region is situated high in the Great Dividing Range so run-off from

rainstorms is rapid and rivers flow intermittently. With access to waterways and water

sources apportioned through land ownership and with a more.settled population, stored water

is now critical for the region's economic survival. Over the last 160 years most wetlands in

the Northern Tablelands of New South Wales have been drained, dammed or subjected to

high sedimentation (Haworth 1994, Gale et al. 1995). Several of the larger seasonal and

ephemeral natural wetlands escaped draining but were dammed or modified in some way.

Farm dams and large water storages now represent two distinct replacement wetland types

(Brock et al. 1999). Many endemic water plant species have managed to survive in the

remaining natural wetlands but the plant communities have been altered by the change to

more permanent flooding or drying (Brock et al. 1999, Brock and Jarman 2000). Fortunately

carp have not migrated from the Murray-Darling system into upland rivers or been

introduced into the wetlands of the Tablelands, but turbidity is often high due to the

dispersed clay in granite soil and other factors (Casanova et al. 1997). Water quality and

clarity in these waterbodies has been positively correlated to the percentage cover of water

plants (Casanova et al. 1997) and charophytes occurred where water was clear (Casanova

and Brock 1999b). Blue-green algal blooms, principally those of Anabaena and Microcystis

sp. are seen as an increasingly serious problem in New England water supplies (Falconer

1983) and warnings of high blue-green algae concentrations were the highest in the Macleay

River catchment of the New England Tablelands (EPA 2000). A high incidence of

hepatotoxicity was previously reported in 11 out of 12 samples of Microcystis aeruginosa

collected from local dams and were known to be a relatively common cause of poisoning in

sheep (Falconer 1983). In this same area, in a 1994-95 survey, blue-green algal blooms were

found to affect about one quarter of farm dams and landowners were concerned at the loss of

their water quality (Douglas-Hill 1995).
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1.10 Water plant restoration from an Australian perspective
In the Northern Tablelands, Armidale, NSW, 50 farm dams were sampled and their water

variables measured over the summer months. A positive correlation was made between high

water quality and clarity in these dams and the percentage of the sediments covered by

submerged plants (Douglas-Hill 1995). In lakes in the United Kingdom, research had

suggested that phytoplankton dominant and water plant dominant states existed over a range

of nutrient conditions and these 'alternative states' were quite stable (Moss et al. 1996). A

larger number of farm dams were sampled, and through multivariate analysis of their

biological and chemical variables, categorised into five main groups. These findings looked

at how conditions in Australian farm dams related to the idea of alternative stable states in

water bodies and what might be the cause of the differences (Casanova et al. 1997). The loss

of aquatic plants in Australia has not yet been directly linked with an increase in nutrient

enrichment or the development of algal and blue-green algae blooms as it has in Europe.

Although this link has been queried (Odgen 1995, Casanova et al. 1997, Boon and Bailey

1998) it has been investigated to see if the conditions in Australia are similar to those found

in Europe (Boon and Bailey, in press). There is now a greater tendency to question whether

findings in European or American research hold the same relevance under Australian

conditions. The work undertaken for this thesis will keep this objective in mind.

1.11 The alternative stable state theory
In Europe, lakes and wetlands with clear water often have dominant submerged vegetation.

In comparison, those with turbid water usually have little or no submerged vegetation and

may be dominated by phytoplankton (Moss 1990, Scheffer et al. 1994, 1998, Coops and

Doef 1996, Faafeng and Mjelde 1998, Van den Berg et al. 1998). Good water quality is

correlated to a high cover of water plants (Moss 1990, Blindow et al. 1993, Moss et al. 1996,

Scheffer 1998). With shallow turbid lakes 'reverse switches' to the clear water plant

dominant state may be produced through the introduction of submerged plants (Moss et al.

1996). This is the basis for the 'alternative states' theory, viz the dominance by

phytoplankton or the dominance by submerged plants.

Shallow lakes and deep lakes often exhibit aquatic plant colonisation to the depth

photosynthetic light can penetrate, which ultimately depends on the clarity of the lake.

Shallow lakes, by this admission, should thus be covered with vegetation but this is not the

case in many turbid shallow lakes. In many Australian waterbodies, light attenuation in the

first few centimetres in turbid water may equal the amount of downwards PAR, which

translates into very little light actually reaching the sediments (Kirk 1994).
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According to European lake managers, the restoration of submerged aquatic water plants in

shallow lakes is a notoriously difficult enterprise (Moss et al. 1996, Scheffer 1998) because

of the "feed back" mechanisms in phytoplankton dominant waterbodies that keeps them

turbid. Lake restoration by biomanipulation was first attempted in the early 70's (Shapiro

1990). Around the 1990's the 'alternative states theory' in freshwater systems became a

popular argument in an attempt to explain the difficulties experienced in restoring polluted

and degraded lakes to their previously 'pristine' condition (Scheffer 1990, 1998, Moss 1990,

San-Jensen and Borum 1991, Blindow et al. 1993, 1998, Perrow et al. 1997a, Faafeng and

Mjelde 1998).

Moss et al. (1996a) makes a strong case for the theory of alternative stable water plant and

phytoplankton dominant states in shallow lakes and of 'forward' and 'reverse' switches from

one state to another. The two states were seen as being essentially stable due to their

separate 'feedback' mechanisms and the idea was developed further into the 'Alternative

Stable States Theory'. This theory has recently gained a following in Australia (Odgen

1995, Casanova et al. 1997) and research into understanding what causes the switches from

one state to another is continuing (Boulton and Brock 1999).

Many overseas and Australian rehabilitation programs are based on top-down manipulation

of the food web or trophic cascade, which is the removal of benthic fish or controlling

planktivorous fish to encourage algae-grazing invertebrates (Shapiro et al. 1975, Shapiro

1990, Cooke et al. 1993, Matveev and Matveeva 1997). This manipulation is termed

biomanipulation and is defined as 'an adjustment or restructuring of the biological

community' (Moss et al. 1996, Perrow et al. 1997a). This biomanipulation is also seen as a

`reverse switch' to obtain the desired change from the turbid to the clear water state. The

potential for biomanipulation of the trophic cascade in Australian standing waters is

controversial as some researchers argue that Australian grazing zooplankton cannot be

manipulated as in the Northern Hemisphere (Boon et al. 1994). Others do not concur and

assert that biomanipulation could be done in large tropical reservoirs once biological

relationships between algae and grazing zooplankton were understood (Matveev et al.. 1994,

Jones and Poplawski 1998).

For turbid waters, it is not known if Moss intended the requirement that the turbidity to be

biotic for a successful top-down manipulation (Casanova et al. 1997) or if abiotic turbidity

was included. To obtain the desired change in a water body, in this case the clearing of

water, the change is termed 'biological manipulation'. Some biological manipulations were

not recognised as such at the time. Cooke et al.. (1978) and Young et al.. (1988), when

clearing water in lakes with chemical flocculants, noted that when secchi disc depth was

increased after the removal of nuisance algae and more light was available to the sediments,
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water plants were restored to these lakes. They suggested that this could mean a 'switch'

from a nuisance algae to nuisance macrophyte densities. The concept that water plants may

have been the original biological components of a once stable lake ecosystem or that there

could be a choice of two 'states' in the lake was not yet fully understood.

In this thesis I will take the approach that a biological manipulation such as the establishment

of aquatic plants on the sediments of a lake or dam, is a bottom-up rather than a top-down

manipulation. This research concept was not well supported in the literature in 1996, but

success was achieved in many more cases in the Northern Hemisphere in quick succession,

resulting in a flood of literature (Moss et al. 1996, Scheffer 1998, Jeppensen et al. 1998, Van

den Berg et al. 1998, van Donk 1998). In these lakes where various biological manipulations

were undertaken to reconstruct macrophyte habitat, secchi depth was increased, submerged

water plants were restored, zooplankton densities were increased, nutrient levels of P and N

were reduced or halved and blue- green algae declined or disappeared altogether. Biological

manipulation, despite the difficulties in switching from the phytoplankton state to the water

plant state, is now perceived as a matter of assessing the four factors inhibiting water plant

survival, as follows:

1) Establishing whether it is algae or suspended sediments that make the water turbid.

2) Establishing how to get re-colonisation by rooted macrophytes which is desirable either

through reducing suspended solids and adding an inoculum (Tanner et al. 1993) or

through a series of steps in a decision tree (Moss et al. 1996). These steps in the decision

tree include a) having clear water for most of summer, b) residual populations of water

plants, c) waiting for possible growth from seed bank in the sediment and natural

colonisation, d) monitoring the coverage of young plants, e) introducing suitable plants,

and f) monitoring and protection from physical and bird disturbance until plants persist.

3) Several authors suggest the principal objective of a bio-manipulation in turbid shallow

lakes is to generate a period of clear water for sufficient length. This 'window of

opportunity' would allow water plants to establish, and for this reason the best time is

early spring before algal blooms may have become dominant (Moss et al. 1996).

4) Several methods have been used to treat eutrophication in a waterbody by removing

nutrients or to flocculate suspended sediments, including the use of ferrous aluminium

sulphate (alum) or calcium hydroxide (lime) to form a sediment cap or copper sulphate to

remove algae. Although the use of chemicals may not be considered true biological

manipulations, these treatments will be discussed in more detail in Chapters 5.1.2. and

5.1.3.
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1.12 Aims and Thesis outline

This thesis examines the role of turbidity in water plant decline and establishment and the

possibility of using water plants to improve water quality in turbid wetlands. It is presented

in three parts.

The aim of Part 1, Chapter 2, was to introduce the background to flooding, seed banks and

functional groups and the influence of these concepts on submerged water plants and

explaing the methods used. The aim of the research discussed in Chapters 3 to 4 was to

observe if water plants could germinate and establish under turbid conditions, and if this was

influenced by depth or morphogenic traits. The measurement of underwater light in turbid

water using three different methods was investigated to determine the depth at which light

was limited and which method gave a reasonable estimate of euphotic depth and the depth of

water plant colonization.

The aim of Part 2, Chapter 5, was to introduce literature on the chemical and seed bank

treatments and explain the methods used. In Chapters 6 to 7, the research set out to

determine if there was a viable seed bank in the farm dams under study, then to investigate if

water plants could be established in turbid farm dams through the addition of seed bank, by

increasing water clarity by chemical means, or both. The consequences of such treatments

on the physical, chemical and biological parameters of farm dams were investigated,

including whether the farm dam seed banks had changed. Papers and newsletters from the

extension work undertaken during the research for Part 2 is located in Appendix VIII.

In Part 3, Chapter 8, the aim was to synthesise the results from Parts 1 and 2 to establish the

applicability of these findings to the management of water quality in farm dams and possibly

in degraded natural wetlands.
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