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ABSTRACT

This work describes a laboratory nutrient enrichment study of four small 

oligotrophic floodplain billabongs in the wet-dry tropics of northern Australia, to 

establish whether the phytoplankton of the billabongs were nitrogen-limited, 

phosphorus-limited, or co-limited. The waters were collected during the transition 

from dry to wet season (September to November), and brought back to NTU 

where nitrogen (30 jig N L '1, 100 jig N L"1, 200 jug N L"1), phosphorus (10 jig P L 

', 30 jug P L '1, 50 jig P L ') and combinations of N and P (30 jig N L"1 + 10 jig P 

L '1, 100 jig N L ' 1 + 30 pg P L 1, 200 pg N L' 1 + 50 pg P L 1) were added. 

Phytoplankton growth was monitored by estimations of chlorophyll a. Standard 

methods were used for biological and chemical analyses. It was found that 
phytoplankton of the billabongs were nutrient limited, but showed variation in 

their limitation status, with those of Corroboree Billabong being phosphorus 

limited, Bridge Arm Billabong and Hardies Lagoon nitrogen limited, and Shady 

Camp Billabong co-limited before the rains, and nitrogen limited after the rains. 

This pattern of variation in nutrient limitation status, with a trend toward nitrogen 

limitation, is consistent with the majority of tropical water bodies, and contrasts to 

the general phosphorus limitation of natural temperate water bodies.

The results will contribute to the knowledge of phytoplankton response to 

possible nutrient enrichment of natural water bodies in the Top End of Australia, 

and contribute to the general theory of nutrient limitations of tropical 

phytoplankton. Arising from this work it is proposed that Corroboree Billabong 

should be the site selected for the monitoring of nutrient inputs, as it was the only 

billabong studied that was phosphorus limited, and anthropogenic nutrient inputs 

generally have a low N:P ratio compared to natural water bodies. Consequently, 

Corroboree Billabong is the billabong likely to respond the quickest to unnatural 

nutrient inputs.
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C h a p t e r  1

INTRODUCTION

Over two-thirds of the Earth's surface is water, however, less than one percent is 

found as freshwater (Wetzel 1983 p i;  Hallegraeff 1988 p i). The turnover time of 

freshwater systems is much faster than that found in oceans and the polar icecaps 

(Wetzel 1983 p i). Due to Australia's generally dry climate, compared to other 

continents, it is relatively depauperate in natural freshwater ecosystems (Wood 1975 

p27).

This chapter describes phytoplankton and their ecological importance, and the small 

natural lakes known as billabongs. Eutrophication and its impacts are also discussed. 

The reasons for this study are discussed, along with the specific objectives. Finally 

the location, where sample water was collected, is described.

1.1 PHYTQPLANKTON

Phytoplankton are small, free-floating photosynthetic organisms, which live in water. 

Phytoplankton include unicellular algae and cyanobacteria (Allen 1997 p 103), and 

range in size from 1 pm to 2 mm (Hallegraeff 1988 p i ). The photosynthetic activity 

of the populous phytoplankton account for a major portion of the Earth's carbon 

fixation (Ling and Tyler 1986 p i).

Phytoplankton are important ecologically, as they exist at the base of many food 

webs, and contribute significantly to the production of atmospheric oxygen. Any 

change in phytoplankton density or species diversity may have detrimental effects 

upon higher-order organisms dependent upon the aquatic community (Ling and Tyler 

1986 p i; Powell and Townsend 1997 p39). Tropical phytoplankton have a higher 

species diversity and endemism rate than temperate phytoplankton (Ling and Tyler 

1986 p i). Phytoplankton growth is usually regulated by light and nutrient 

availability (Robarts et al. 1998), as well as environmental temperature (Powell and 

Townsend 1997 p40). Nitrogen and phosphorus are the two most important nutrients 

required for phytoplankton growth, although many trace elements are also required 

(Schindler 1977; Powell and Townsend 1997 p36; Bulgakov and Levich 1999; 

Reynolds 1999). Consequently, the addition of nitrogen and phosphorus into natural 

water bodies results in increased growth of resident phytoplankton (Powell and 

Townsend 1997 p36).
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1.2 BILLABONGS

Hillman (1986) defined a billabong as “a lentic water body on a riverine floodplain” . 

He added that billabongs also occur as oxbow lakes, backwater remnants, and 

waterholes in effluent streams and braids. It is probably easiest to think of a 

billabong as a small lake, either separate from the main water channel, or the 

remnant of a stream or river that has become fragmented during dry weather. 

Billabongs are usually filled by floodwaters on the floodplain, although some 

billabongs have catchment areas (Hillman 1986). Billabongs represent a distinct 

component o f floodplain ecosystems, along with the terrestrial floodplain and the 
mainstream river (Hillman 1986). The word ‘billabong’ is of aboriginal origin 
(Hillman 1986).

Billabongs, as all small lakes, have a finite life span unless high levels of scouring 
occur (Hillman 1986). However, the monsoonal billabongs of northern Australia are 

likely to have prolonged existence, due to the large quantity of water that moves over 
the floodplain during the annual monsoonal floods. Billabongs of southern Australia 

have been greatly affected by anthropogenic influences, particularly flow regulation 

(which reduces the recruitment of new billabongs) and other forms of floodplain land 

management (Hillman 1986).

A closely associated group of billabongs often show variability. The resulting 

environmental mosaic may provide floodplain animals with stability, where there is 

nearly always one billabong providing favourable conditions for the animals 

(Hillman 1986). This would allow the floodplain animals to remain within the 

vicinity of the billabong system.

1.3 EUTROPHICATION

‘Eutrophication’ refers to the increased growth of the biota in natural water bodies 

caused by high concentrations of nutrients (Wetzel 1983 p285). There are two forms 

of eutrophication. Firstly, there is natural eutrophication where nutrients become 

available in increased concentrations as a result of natural processes, such as seasonal 

events where higher summer temperatures increase nutrient recycling, or the wetter 

season increases mineral erosion and transport into the system. Natural ageing of 

lakes and billabongs also increases the nutrient concentrations within the water body 

(pers comm. Jim Luong-Van). Secondly, there is cultural eutrophication, which is 

the result of anthropogenic activities; this is an unnatural form of eutrophication.
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Rate of eutrophication in billabongs is dependent upon the topography of the 

catchment area (Wetzel 1983 p281). Undulating catchment areas provide faster 

water runoff rates, allowing greater erosion to occur, and greater concentrations of 

nutrients to be transported to the billabong. Whereas flat areas, such as floodplains, 

have greater infiltration capacities, and slower water flow rates, reducing the erosive 

force of the water, and reducing the amount of nutrients being transported into the 

billabong (except during flood). Hilly areas which have been cleared of vegetation 

are likely to provide faster overland water flow rates than comparable terrain with 

vegetation, which further increases the erosive forces of the sheet water-flow (Wetzel 

1983 p281). The high rainfall of the tropics can provide greater nutrient inputs into 

standing water bodies, especially in areas that are not heavily leached of soil 

nutrients. The higher rainfall of the tropics, coupled with higher evaporation rates, 

would be major factors contributing to tropical lakes having naturally higher nutrient 

concentrations than temperate lakes (Kalff and Watson 1986).

Anthropogenic influences are usually the reason for unusually high levels of nutrient 

loading of natural water bodies, from sewage contamination, agricultural runoff, 

detergents, and ‘nutrient rain’ caused by atmospheric pollution (Wetzel 1983 p251, 

p254, p281; Holtan et al. 1988; Mackay et al. 1988 p36; Bootsma and Hecky 1993). 

Nitrogen and phosphorus are the two nutrients most often implicated in the 

eutrophication of natural water bodies (Wetzel 1983 p285; Sullivan et al. 1988 p23). 

The necessity for silicon in diatom growth also has a determining influence upon the 

phytoplankton assemblage, as diatoms require adequate soluble reactive silicon for 

the construction of their protective outer shell (Sullivan et al. 1988 p23; Bulgakov 

and Levich 1999; Reynolds 1999).

The three-dimensional spatial interaction of the water in lakes and billabongs, as a 

result of temperature and wind driven currents, transports nutrients from their point 

source through the entire water body (Bootsma and Hecky 1993). This makes inland 

freshwater systems extremely susceptible to anthropogenic inputs of nutrients and 

toxins, and makes the removal of these unnatural compounds extremely difficult and 

expensive.

An understanding of the nutrient limitations of water bodies is essential for the 

formulation of management strategies to control excessive phytoplankton growth in 

tropical billabongs and lakes due to cultural eutrophication (Tundisi and Matsumura- 

Tundisi 1990; Anton 1994; Anton et al. 1995). Although there have been many 

studies on the affects of nutrients on phytoplankton growth, knowledge of the 

physical and chemical factors affecting phytoplankton growth of aquatic
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communities is still limited (Smith and Bennett 1999). Studies relating to the role of 

nutrients in controlling phytoplankton growth are increasing due to the problem of 

anthropogenic nutrient inputs into freshwater lakes (Anton et al. 1995). Chemical 

analyses of aquatic systems do not necessarily provide the evidence for the limiting 

nutrient, as different groups of phytoplankton favour different nutrient ratios. 

Therefore, the determination of which nutrient is limiting must include a biological 

assay of the response of the resident phytoplankton to the addition of nutrients (Moss 

1969; Robarts and Southall 1975). Bioassays of phytoplankton growth have become 

one of the most popular means of assessing responses of aquatic environments to 

eutrophication (Wood 1975 p i 33; Wetzel 1983 p285).

1.4 IMPACTS OF EUTROPHICATION

Increases in nitrogen and phosphorus concentrations, in natural water bodies, results 

in increases in phytoplankton biomass (Schindler 1977; Powell and Townsend 1997 
p36; Bulgakov and Levich 1999; Reynolds 1999).

Eutrophic billabongs and lakes generally have lower N:P ratios (Downing and 
McCauley 1992; Anton et al. 1995). This is the result of nitrogen losses from the 
system. Nitrate and nitrite can be denitrified to N2 gas by the action of denitrifying 

bacteria. Denitrification of nitrate and nitrite occur in the anoxic lower water and 

sediments. There is then a net loss of N2 gas to the atmosphere due to an 

‘equilibrium reaction’ between the water and the atmosphere (Wetzel 1983 p237). 

Unlike nitrogen, phosphorus does not have the potential to escape into the 

atmosphere, and remains within the system. Phosphorus, therefore, has the ability to 

accumulate over time to a greater extent than nitrogen. Cultural eutrophication also 

results in a relatively low N:P ratio. This is the result of relatively high phosphorus 

loads in commercial fertilisers and detergents. Phosphorus, from cleaning 

detergents, is a major source of eutrophication near urban development. Phosphorus 

‘builders’ increase the efficiency of detergents, and is usually included in the form of 

sodium pyrophosphate and polyphosphates (Wetzel 1983 p281). As the 

phytoplankton respond to these nutrient-rich conditions, and increase in population, 

the nitrogen becomes depleted before the phosphorus (Wetzel 1983 p254). The 

resulting nitrogen limitation then favours the rapid population increase in nitrogen- 

fixing cyanobacteria, possibly resulting in their dominance of the system (Toerien 

and Steyn 1975; Smith 1983; Wetzel 1983 p254; Bootsma and Hecky 1993; Powell 

and Townsend 1997 p36).

4



Cyanobacterial blooms are associated with aesthetic degradation of aquatic systems, 

such as objectionable odours, poor tasting water, and unsightly surface ‘scums’. 

Some cyanobacteria also release toxins into the water system, which can adversely 

affect animals using the system (Powell and Townsend 1997 p39; Falconer 1998; 

Ibelings and Maberly 1998; Grover et al. 1999). The formation of surface ‘scums’ 

can have a deleterious affect upon other forms of phytoplankton, as the dense 

cyanobacterial ‘m at’ can reduce the penetrating light to levels below the light- 

compensation-point of the other phytoplankton (Ibelings and Maberly 1998).

Ibelings and Maberly (1998) found that increased levels of carbon dioxide resulted in 

increased density of cyanobacteria. This may prove significant in light of the 

increasing carbon dioxide levels within the Earth's atmosphere. Coupled to this 

problem is that if global temperatures increase as predicted (from the increased 

atmospheric carbon dioxide), then the growing-season for cyanobacteria will be 

increased in temperate regions of the world.

1.5 STUDY OF THE M ARY RIVER FLOODPLAIN  
BILLABONGS

This study focuses on a series of laboratory based bioassay experiments to analyse 

the response of the resident phytoplankton in the billabongs of the Mary River 

floodplain to nitrogen and phosphorus eutrophication. Billabongs have generally 

been neglected as separate aquatic entities, and have generally been thought of as an 

extension of the mainstream environment (Hillman 1986). The Mary River 

floodplain billabongs have recently been included in the newly formed Mary River 

National Park, and have a multiple-use status. The billabongs are important for their 

recreational (mostly fishing), economic (tourism and pastoralism), and conservation 

attributes (Powell and Townsend 1997 p41). The quality of the water is extremely 

important for the current uses of the billabongs, as any significant detriment in water 

quality may cause potential harm to the economic or conservation value of the region 

(Powell and Townsend 1997 p i 3). Phytoplankton can respond rapidly to increases in 

nutrients, especially in the warm tropical waters of the Top End (Powell and 

Townsend 1997 p40).

Different districts, geographically, are different, there is no general pattern to nutrient 

limitation or eutrophication in phytoplankton (Reynolds 1999). Australian 

billabongs and lakes are considered to be highly variable in comparison with the 

lakes of the north temperate zone, due to the high variability of the Australian 

environment (Norris and Georges 1986). Tropical lakes, in general, are more
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variable than their temperate counterparts (Lind et al. 1992). Most limnological 

research has been conducted in the temperate regions of the northern hemisphere 

(Wetzel 1983 p5), consequently there is a distinct lack of knowledge of tropical 

freshwater systems (Tailing 1966; Lewis 1973, 1990; Wetzel 1983 p5; Vincent et al. 

1984; Norris and Georges 1986; Anton et al. 1995).

1.6 OBJECTIVES OF THE STUDY

This study incorporates laboratory experiments to:

1. Analyse and assess the response of Mary River floodplain phytoplankton to 

nitrogen and/or phosphorus nutrient enrichment.

2. Determine the nutrient limitation status of the Mary River floodplain billabongs, 

and assess their susceptibility to eutrophication.

The remaining chapters set out to achieve the above objectives. In particular, chapter 

3 defines the physical, chemical, and biological characteristics of the billabongs 

studied, including spatial analyses of the billabongs and temporal analyses of the 

representative sites. Chapter 4 describes the results of the enrichment experiments. 

The survey period was conducted from the late dry season to the build-up of the early 

wet season, before the annual flood covered the floodplain. This time frame was 

chosen to intensely study the effects of the build-up, as this was the time when most 

increases in phytoplankton growth had been observed in the floodplain billabongs in 

past surveys.

1.7 ORIGIN OF THE WATER SAMPLES

The billabongs of the Mary River floodplain (Figure 1.01) generally have low 

concentrations of phytoplankton (by chlorophyll a concentration analyses), although 

occasionally ‘blooms’ occur during the build-up to the wet season (Powell and 

Townsend 1997 p40). The Mary River floodplain exists within the wet-dry tropics, 

with a dry and warm ‘dry season’ during the Southern Hem isphere’s winter, and a 

humid and warm to hot ‘wet season’ during the Southern Hemisphere’s summer 

months. The transition from the dry season to the wet season consists of a hot and 

humid period called the ‘build-up’, which changes from a dry climate to a wet 

climate with a period of increasing humidity and rainfall. The billabongs exist as
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separate water bodies during the dry season, but are consumed by the annual 

monsoon flood during the wet season. Despite the large volume of water flowing 

over the floodplain during the annual monsoon flood, the flatness of the floodplain 

generally ensures that the floodwaters flow at a slow steady pace (Powell and 

Townsend 1997 p3).



Figure 1.01: The Mary River floodplain and associated billabongs. Map shows the 
freshwater component of the floodplain, up to the barrage. North of the barrage is 
tidal saltwater.
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C h a p t e r  2

MATERIALS AND METHODS

Four billabongs of the Mary River floodplain were sampled during the study period. 

Shady Camp Billabong was the only billabong sampled twice, in early September 

and early November. While Corroboree Billabong was sampled in late September, 

Bridge Arm Billabong in early October, and Hardies Lagoon in late October. The 

first three field trips occurred before any significant early wet season rains had 

occurred, whilst the trip to Hardies Lagoon and the second trip to Shady Camp 

Billabong occurred after the thunderstorms of the early wet season had commenced, 

and these billabongs were influenced by rising water levels.

Representative sites were selected from each billabong for temporal data analyses, 

and the collection of sample water for experimentation in the laboratory. Sampling 

sites were selected, all equidistant from each other and the ends of the billabongs. 

All distances were determined by travelling time in the sampling boat. A pass along 

the entire length of the billabong was timed, with the times broken into segments for 

the determination of the sampling sites. Shady Camp Billabong was separated into 

six sites, from south to north, with site-5 designated the representative site. 

Corroboree Billabong and Bridge Arm Billabong were separated into eight sites, 

from north to south, with site-5 designated as the representative site for Corroboree 

Billabong, and site-4 the representative site for Bridge Arm Billabong. Hardies 

Lagoon was separated into six sites, from north to south, with site 4 designated as the 

representative site.

2.1 FIELD CHLOROPHYLL A  AND IN SITU  PHYSICAL  
AND CHEMICAL PARAMETERS

2.1.1 Field Chlorophyll a Determination

Chlorophyll a concentration was measured as a means of determining phytoplankton 

biomass, as this has been found to be the most reliable indicator of eutrophication 

(Cottingham and Carpenter 1998). W ater samples for Chlorophyll a estimations 

were collected in the field in 500 mL non-reactive Nalgene sample bottles. 

Temporal samples were collected with a single sample per depth, at each of the 

sampling times through the day. The spatial samples consisted of three surface
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samples per site. The samples were kept on ice in an esky to exclude light and 

brought back to the laboratory as soon as possible, but no longer than 2 days. The 

samples were filtered and processed as described for the experimental samples (see

2.2.3.2 Chlorophyll Extraction and Determination).

2.1.2 Field Irradiance/Depth Profile Determination

PAR (photosynthetically active radiation) was measured in the field using a LI-COR 

LI-250 light meter, coupled to a LI-COR Spherical sensor. Regression curves were

used to obtain the euphotic depth (the depth where 99% of surface irradiance has

been attenuated).

The light extinction coefficient (LEC) was determined using the method of Kirk 

(1994 p i29):

Ed(z) = Ed(0)e KdZ Equation 2.01

which was transposed to

E rt (0)
K ,z  = ln —   Equation 2.02

Ed(z)

where Ed (0 )= downward irradiance just below the water surface 

Ed (z)= downward irradiance at z-metres depth

Kd = light extinction (vertical attenuation) coefficient for downward 

irradiance.

2.1.3 Field Physical Parameter Determination

Physical parameters were determined in situ using a HYDORLAB DataSonde4 

Water Quality Multiprobe (with Surveyor 4 display). The physical parameters 

measured were: temperature (°C), pH, dissolved oxygen (mg L '1), and specific 

conductivity (pS cm"1).

Turbidity (NTU) was measured with a HACH Turbiditimeter (Model 16800).
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2.1.4 Chemical Parameter Determination

W ater samples for chemical analyses were collected by lowering an electric water 

pump to the desired depth. The pump and hose were flushed through for about 15 s, 

and the sample bottles were then rinsed three times with the pumped water before the 

sample was collected. The waters were analysed for nitrite, nitrate, ammonia 

(temporal analyses only), Kjeldahl nitrogen, total phosphorus, filterable reactive 

phosphorus, and soluble reactive silicon. The analyses were performed by the Water 

Quality Laboratory, Department of Primary Industry and Fisheries (Northern 

Territory Government). The methods for these analyses are summarised below in 

Table 2.01.

Table 2.01: Analyses methods for billabong chemical profiles. Parentheses contain 
the APHA (1985) method number. Analyses performed by the Department of Primary 
Industry and Fisheries (Northern Territory Government); Water Quality Laboratory.

Chemical Analysed APHA Analysis Method

Nitrite Automated cadmium reduction. (418F)

Nitrate Automated cadmium reduction. (418F)

Ammonia Automated phenate method. (417G)

Kjeldahl Nitrogen Sulphuric acid digestion, 

automated phenate method.

(420A,

417G)

Total Phosphorus Ascorbic acid method. (424F)*

Filterable Reactive Phosphorus Ascorbic acid method. (424F)**

Soluble Reactive Silicon Automated method for 

molybdate-reactive silicon

(425E)

* A persulphate acid digestion step is performed prior to the 424F test.

** The sample is first filtered through a 0.45 jam cellulose-acetate filter before 

analysing.
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2.2 LABORATORY EXPERIMENTS

For laboratory experimentation, water samples were collected from a predetermined 

site for each billabong. For consistency, water samples were collected at 25 cm 

depths during 13:00 -  15:00 h. Collections were:

No. Billabong Sampled

2

3

4

5

Shady Camp Billabong

Corroboree Billabong

Bridge Arm Billabong 

Hardies Lagoon

Shady Camp Billabong

Sample Collection Date 

14th September 1999 

21st September 1999 

13th October 1999 

27lh October 1999 

10th November 1999

For each collection, eight water samples were transported (in polyethylene 

containers) as soon as possible, under cool and dark conditions, to the university 

where manipulation experiments were carried out.

2.2.1 Sample Mixing and Storage

The eight water samples (collected from the representative site) were combined in a 

200 L polyvinylchloride container, and left for 2 h to achieve thorough mixing. 

Five-litre aliquots of water were then siphoned into 30 red 9.6 L polypropylene 

buckets, which were placed in a fibreglass holding-tray. The tray was filled to a 

depth of 10 cm to dampen temperature fluctuations within the experimental 

containers. Sterner and Grover (1998) found that temperature had a consistent effect 

on nutrient saturated growth rate. The buckets were placed inside the aquaculture 

shadehouse to prevent overheating, and to reduce the possibility o f photoinhibition. 

Robarts and Southall (1977) found that the high intensity surface irradiance of the 

tropical Lake M cllwaine (Zimbabwe, nee Rhodesia) depressed algal growth. The 

buckets were opened at the top, and the samples were exposed to the atmosphere 

within the shadehouse, to allow free exchange of atmospheric gases.
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2.2.2 Nutrient Enrichment Experiments

2.2.2.1 Nutrient Concentrations Used in the Experiment

Nitrogen and phosphorus were the two nutrients studied for nutrient limitation 

effects. Nitrogen was supplied as ammonium nitrate (N H 4N 0 3), which is a 

common form of nitrogen from unnatural nutrient inputs, and phosphorus was in the 

form of potassium dihydrogen orthophosphate (K H 2P 0 4), which is the major form 

o f phosphate used by plankton (Haynes et al. 1994). Inorganic forms of nutrients are 

mainly used by phytoplankton (Taylor et al. 1990). Nitrogen was supplied in 

concentrations of N l = 30 pg L ', N2 = 100 jig L 1, N3 = 200 pg L '1. Phosphorus 

was added in concentrations of PI = 10 pg L"1, P2 = 30 pg L"1, P3 = 50 pg L '.

Due to space and time constraints, a semi-factorial design was used in these 

experiments (see Table 2.02). The treatment combinations not used were N1P2, 

N1P3, N2P1, N2P3, N3P1, and N3P2. The combined treatments that were used, had 

a range o f N:P ratios of 3:1 (N IP l; ), 3.3:1 (N2P2), and 4:1 (N3P3). These low N:P 

ratios are typical o f eutrophic waters, which have an N:P ratio lower than the 

Redfield ratio (Redfield 1958); where N:P = 16:1 (Dawning and McCauley 1992; 

Anton et al. 1995).

Table 2.02: Treatments used for the nutrient limitation experiments.

Three replicates were used and they were placed in sectors of the holding-tray, with 

an eastern, central, and western sector holding a full-set o f treatment replicates, thus 

minimising the effects of changing irradiance availability to the treatments due to the 

solar azimuth. The treatments were arranged randomly in each sector of the holding- 

tray. (See Appendix 1 for container placement for each experiment.)
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2.2.3 Experimental Growth Conditions

Atmospheric irradiance and the ambient irradiance of the shadehouse were measured 

simultaneously using two LI-COR LI-1000 light meters, each coupled to a LI-COR 

quantum sensor measuring PAR (400 nm -  700 nm). From these measurements it 

was determined that the light environment within the shadehouse, at the exact 

location of the experimental containers (at holding tray height), was 15.73% (n = 18 

simultaneous readings, r2 = 0.9960) of the atmospheric irradiance (measured 3 m 

away from the shadehouse at midday). This amount of light attenuation is consistent 

with depths of between -0.97 m and -1.47 m within the billabongs sampled (depths 

are measured from the water surface); see Table 2.03 for a full list of relative depths 

for the shadehouse light environment.

Table 2.03: Equivalent billabong depths (at sample water collection sites), where light 
attenuation is the same as that occurring in the experimental environment. Depths 
are measured as negative values descending below the water surface (the direction 
the light is travelling). For each billabong n = 4.

Location Month 

(of 1999)

Mean Depth at 15.73% 

surface irradiance 

(m)

Standard Error

(m)

Shady Camp Billabong September -1.36 0.046

Corroboree Billabong September -1.44 0.052

Bridge Arm Billabong October - 1.20 0.076

Hardies Lagoon October -0.93 0.053

Shady Camp Billabong November -1.47 0.015

Atmospheric mean daily irradiances were obtained from the Bureau of M eteorology 

for the 10 days sampling in the field, and the 20 days sampling from the experiments. 

A Students t-test revealed that there were no significant differences (p>0.50) between 

field average irradiances and experimental average irradiances.

2.2.3.1 Regime for Water Sampling

Between 10:30 h and 13:00 h, 250 mL was taken from each bucket, for a total of four 

consecutive days. Sampling commenced the day after mixing; about 16 h -  19 h 

after mixing. Although the phytoplankton were taken from a higher irradiance



environment than exists in the shadehouse, they were expected to adjust to the 

shadehouse light environment within 24 h. See Falkowski and LaRoche (1991) for a 

review of phytoplankton photoacclimation.

2.23.2 Chlorophyll Extraction and Determination

Chlorophyll a was used in the analysis of algal growth, instead of cell counts, as at 

low doses of limiting nutrients, chlorophyll synthesis is slower than cell division 

(Grover et al. 1999). Therefore, as chlorophyll content of the cell may vary, 

chlorophyll a measurement is a better indication of biomass than cell counts. Many 

phytoplankton will absorb excess nitrogen or phosphorus when availability is high, 

and store the nutrients for later use (Rhee 1978; Wetzel 1983 p277). This situation 

renders any chemical analyses of the experiment water, after the four days of 

sampling, irrelevant. As one of the nutrients may have experienced a dramatic 

decrease, but not necessarily been a limiting nutrient. Therefore nutrient limitation 

status was determined solely by chlorophyll a ‘growth response’ to the nutrient 

concentrations added at the beginning of the experiment.

The procedure used for the experimental samples, explained here, is the same 

procedure used to analyse the field samples (see 2.1.1 Field Chlorophyll a 

Determination).

Each 250 mL sample volume was filtered through a W hatman GF/C glass microfibre 

(1.2 pm ) filter paper (Cat No 1822 047). The filter paper was then placed in light- 

excluding M cCartney bottles and stored in a freezer for a minimum of 48 h. The 

freeze and thaw was used as a means of rupturing the phytoplankton cells, providing 

for easier extraction of chlorophyll a.

The determination of chlorophyll a was done in accordance with standard methods 

(APHA 1995), using a Turner Designs filter fluorometer (model 10-005R) coupled to 

a Fluke 8012A digital multimeter (set to a maximum sensitivity of 2 V).

Slight deviations from the standard methods were used to improve analysis 

efficiency, and adaptations to local algal concentrations, these modifications are as 

follows. Maceration of the filter paper was achieved by placing the samples, with 20 

mL of 90% acetone (AR-grade) solution saturated with magnesium carbonate, in an 

ultrasonicator bath for 30 min. After steeping, for the standard minimum 2h, the 

extract was filtered through a Whatman 41 ashless quantitative (20-25|im) filter 

paper (Cat No 1441 125). Chlorophyll a of samples was estimated using known 

standard chlorophyll a (Sigma Chemical Company: Cat C-6144).
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2.3 STATISTICAL ANALYSES

Statistical analyses were performed with STATISTIC A Edition ’99, Kernel 5.5 A 

(StatSoft Inc.).

2.3.1 Experimental Analyses

The experimental data was analysed for the effects of nitrogen and phosphorus 

enrichment on concentrations of chlorophyll a with Multiple Linear Regression (for 

the effects of each nutrient separately and combined, and its corresponding 

concentration levels). The raw data was analysed with residual analyses. 

Transformed values (of many different transformations) of the chlorophyll a values 

performed relatively poorly compared to the raw-data values. Consequently, the 

original chlorophyll a concentration values were used for the multiple linear 

regression analyses. The multiple linear regression analyses included a 

multiplicative effect (NxP), where the concentration of nitrogen and phosphorus, for 

each treatment, were multiplied together. The NxP value for the control, nitrogen- 

only treatments, and phosphorus-only treatments, was zero, as either nitrogen or 

phosphorus was not added. Therefore, only the combined treatments resulted in a 

non-zero value for the NxP element for the multiplicative effect. This form of 

analysis was used as there was a strong synergistic effect in most of the experiments, 

so a measure of which nutrient (nitrogen or phosphorus) was responsible for the 

interaction, causing the synergistic effect, had to be incorporated into the multiple 

linear regression analyses.

Differences between the individual treatments were determined with Single Factor 

ANOVA, with Cochran’s Test used to check homoscedasticy, and Tukey’s HSD Test 

used as the post hoc multiple comparison procedure. Analysis was performed on the 

data for the day with the greatest range o f mean chlorophyll a values between the 

different treatments. Applicability of the representative sites for each billabong was 

also assessed by chlorophyll a analyses with ANOVA (with the same procedure as 

described above). ANOVA analyses printouts are provided in appendices (given in 

the applicable section of this thesis), and any transformations used are shown in the 

appropriate table of the appendix.
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2.4 SI UNITS AND USAGE

All measurements have been given in SI (Systeme International) units, except for the 

chemical analyses o f the samples collected in the field. These samples were 

analysed by the water quality laboratory of the Department of Primary Industry and 

Fisheries (Northern Territory Government), and the results were supplied in 

fractional notation (e.g., 0.01 mg L '1). The fractional notation has been maintained 

in these results as there is the possibility of ambiguity if the results are changed to 

correct SI notation; this fractional form has been preserved for the chemical analyses 

tables of chapter 3. For example, 0.01 mg NOg L' 1 is not the same as 10 pg NOj L"1, 

as the former implies a range o f 0.0050 mg N03 L' 1 to 0.0149 mg NOj L' 1 whereas 

the latter implies a range of 0.00950 mg NOg L' 1 to 0.01049 mg NO3 L 1.
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C h a p t e r  3

PHYSICAL, CHEMICAL, AND CHLOROPHYLL 
A ANALYSES OF THE BILLABONGS AT WATER 

COLLECTION TIME

3.1 INTRODUCTION

Billabongs, and other freshwater systems, can have a great range o f physical 

parameter values, and chemical concentrations. Combined, the physical and 

chemical profile of a water body will determine the limitations of life within the 

system, including type of organisms present, and the quantity of individual species. 

Excluding toxins, nitrogen and phosphorus are the two chemicals that determine the 

potential primary production of the water body through the regulation of 

phytoplankton growth. However, not all billabongs are the same, and differences in 

hydrology can render closely associated billabongs heterogeneous with respect to 

physical and chemical profiles (Hillman 1986).

Physical and chemical characteristics of a billabong can vary within two cycles. 

Annual cycles exist due to the changing weather patterns of seasons, and nested 

within the annual cycle is the diurnal cycle, where night versus day and 

photosynthesis versus respiration create changes within the billabongs (Hillman 

1986).

This chapter describes the prevailing environmental conditions found in the 

billabongs at the time of water collection (for comparison with the outcomes o f the 

laboratory experiments). Spatial sampling o f surface water was conducted over the 

entire billabong (six to eight sites evenly spread) to describe variation within each 

billabong, and for comparisons between billabongs. Temporal sampling was 

undertaken for the single representative site for each billabong, and consisted of four 

sampling periods during the daylight-hours of a single day.

3.1.1 Temperature

W ater temperature is an important physical parameter as warmer water holds less 

dissolved oxygen than cooler water (Powell and Townsend 1997 p i 3). Also, the 

greater heat energy affords greater metabolic rates of respiring microorganisms, such
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as bacteria (Powell and Townsend 1997 p l3 ), which creates a greater oxygen 

demand. Consequently, warm water can quickly change to a state of oxygen 

depletion (Townsend 1996; Powell and Townsend 1997 p3). W ater temperatures of 

the Mary River floodplain billabongs is typically coolest during the dry season, and 

warmest during the build-up and wet season when solar insolation is at its greatest 

(Powell and Townsend 1997 p 14). Due to the different preferred environmental 

temperatures of different organisms, temperature also affects species distribution and 

community structure.

Temperature stratification, within the Mary River floodplain billabongs, often occurs 

during the build-up (October to December), due to the general lack of wind (strong 

winds often accompany storms but are of short duration). W hereas mixing often 

occurs during the dry season due to the strength and consistency of the winds from 

the south-east (Powell and Townsend 1997 p 14).

Turbid water usually traps more of the sun’s heat nearer the surface; due to 

reflectance of insolation back toward the surface of the water column. This leads to 

an increased temperature gradient between the surface and bottom waters, which 

contributes to temperature stratification (Powell and Townsend 1997 p i 5).

3.1.2 pH

Many species of phytoplankton have a narrow range of pH within which optimal cell 

growth occurs (Wetzel 1983 p276). Phytoplankton phosphate absorption is 

particularly affected by pH. Permeability of cell membranes, pH effects on enzyme 

activity, and the amount of phosphate ionisation can affect phosphate absorption, 

which affects growth (Wetzel 1983 p276). High pH values, (pH 8 -  pH 9), can also 

favour the growth of some cyanobacterial species (Powell and Townsend 1997 p23).

The main concern with acidic water is its ability to liberate metals that are naturally 

bound to sediment particles or other compounds. Of major concern in the Mary 

River floodplain system is aluminium, which can be released into the water column 

if the pH is low. The northern region of the Northern Territory, including the Mary 

River floodplain, has high concentrations of aluminium, which is toxic to aquatic 

animals and phytoplankton (Powell and Townsend 1997 p23). The marine sediments 

that underlie the floodplain contain sulphide compounds, and if exposed to aerobic 

conditions (through disturbance and erosion) can form sulphuric acid, which may 

liberate ionic aluminium from the sediments (Powell and Townsend 1997 p24).
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Daytime photosynthesis causes the pH of the water to increase, as dissolved carbon 

dioxide is sequestered within the cells of the phytoplankton, which in turn reduces 

the carbonic acid concentration of the water. During the night, photosynthesis 

ceases, and the respiring organisms (including the phytoplankton) release carbon 

dioxide into the water, which causes the pH to decrease (due to increases in carbonic 

acid concentration).

3.1.3 Dissolved Oxygen

There is less dissolved oxygen in tropical waters (compared to temperate waters) due 

to the higher water temperatures. The freshwater billabongs and rivers of the Top 

End (of the Northern Territory) usually have a maximum potential oxygen 

concentration of about 9 mg 0 2 L 1 (Powell and Townsend 1997 p i 6).

During the first rains of the wet season, accumulated plant debris, animal faecal 

matter, and remnants of dead animals are flushed into the billabongs of the Mary 

River floodplain. The microbial decomposition of this matter creates a high demand 

for oxygen, leading to anoxic conditions (Beadle 1974 p250; Powell and Townsend 

1997 p 19).

Surface water contains more dissolved oxygen than deeper water. This is due to the 

presence of phytoplankton near the surface and the mixing of surface water by wind 

action (Powell and Townsend 1997 p22). Also, most of the microbial decomposition 

of organic matter occurs at the water-sediment interface, creating low dissolved 

oxygen levels in the deeper water (Townsend 1996; Powell and Townsend 1997 

p22). Due to photosynthesis being light dependent, there is more dissolved oxygen 

in the water during the day than at night (Powell and Townsend 1997 p l 6).

3.1.4 Specific Conductivity

Specific conductivity is an important physical parameter in the Mary River 

floodplain billabongs, as many o f the northern areas of the floodplain have been 

subjected to salt-water intrusion, including Shady Camp Billabong. Specific 

conductivity is a measure o f the water salinity, with rainwater having a conductivity 

of about 10 pS cm"1, compared to that of sea water at about 50 000 fiS cm "1 (Powell 

and Townsend 1997 p25). Most of the aquatic life that exists in the billabongs o f the 

Mary River floodplain are unable to adapt to high salt concentrations, and are 

threatened by the possibility o f renewed incursions of marine water, especially if a 

rise in sea level accompanies global warming. Salt-water intrusion remains the most
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immediate threat to the billabong ecosystems of the Mary River floodplains (Powell 

and Townsend 1997 p25). The intrusion of sea water into Shady Camp Billabong 

has been stopped by the construction of a barrage, but specific conductivity remains 

relatively high in Shady Camp Billabong due to residual salt from past intrusions 

(Powell and Townsend 1997 p26).

Sediment disturbance is another ever-present potential threat to the billabongs of the 

Mary River floodplain, as the floodplain overlies saline marine sediments. Erosion 

of these underlying saline sediments could release large amounts of salt into the 

freshwater billabongs (Powell and Townsend 1997 p24).

3.1.5 Suspended Sediment and Turbidity

High turbidity reduces the ability of sunlight to penetrate through the water, thereby 

restricting phytoplankton growth and photosynthesis to the near-surface water of a 

billabong (Powell and Townsend 1997 p27).

Turbidity is the result of erosion, where soil particles are suspended in the water 

column. Increased turbidity is usually the result of erosion occurring within the 

catchment where soil and organic particles are transported to the billabong (Powell 

and Townsend 1997 p27). Occasionally, although much less commonly, increased 

turbidity can be caused by erosion of the sediments forming the ‘billabong-bed'. 

Erosion can also release nutrients, such as phosphorus, which can increase 

phytoplankton density (Powell and Townsend 1997 p27), which in turn creates 

higher turbidity.

3.1.6 Nutrients

3.1.6.1 Nitrogen

In billabongs, lakes, and rivers, nitrogen exists as dissolved inorganic ions (e.g., 

nitrite, nitrate and ammonia), and in organic matter (Mackay et al. 1988 p36). 

Nitrite, nitrate, and ammonia are analysed separately as dissolved inorganic forms of 

nitrogen, but the organic nitrogen is analysed with the inorganic forms to yield a total 

nitrogen concentration; known as Kjeldahl nitrogen (Mackay et al. 1988 p36).

Most of the nitrogen of the Mary River floodplain billabongs, from past surveys, is 

bound to organic matter (Powell and Townsend 1997 p37). Ammonia within the 

billabongs was low, and usually occurred in anoxic water (Powell and Townsend 

1997 p38). Most of the ammonia within aquatic systems is created by heterotrophic



bacteria, as an end product from the decomposition of organic material, with 

excretory ammonia from animals forming a minor source of ammonia (Wetzel 1983 

p233).

Nitrogen can be lost from the water body as Ni gas, being released to the 

atmosphere. Nitrate and nitrite can be denitrified to N? gas by the action of 

denitrifying bacteria. The denitrification of nitrate and nitrite occur in the anoxic 

lower water and sediments (Wetzel 1983 p237).

3.1.6.2 Phosphorus

Phosphorus, which exists in many forms in aquatic environments, is usually 

measured as soluble reactive phosphorus (SRP) and total phosphorus (which is all 

forms of phosphorus, including SRP and organic forms) (Mackay et al. 1988 p36). 

The maximum phosphorus concentrations detected in past surveys, of the Mary 

River floodplain billabongs, were recorded during the first inflow of water from the 

early wet season storms (Powell and Townsend 1997 p37).

Unlike nitrogen, phosphorus remains within a system, and does not have the 

potential to escape into the atmosphere like nitrogen. Phosphorus, therefore, has the 

ability to accumulate over time to a greater extent than nitrogen.

3.1.6.3 Silicon

Soluble reactive silicon (SRS) is important for diatom growth, as they use silicon for 

their protective outer coat (M ackay et al. 1988 p36). The amount of silicon does not 

influence phytoplankton growth potential, but it does influence the growth potential 

of the diatoms (Hecky and Kilham 1988). Therefore, the availability o f SRS can 

have a determining effect upon the proportion of diatoms contributing to the 

phytoplankton community.

3.1.7 Purpose of the Field Surveys

The purpose of the field surveys was to determine the general physical parameters, as 

well as the chemical and chlorophyll a concentrations of the billabong environments 

within the Mary River floodplain, and to ascertain the environment from which the 

sample water was obtained. The parameters were also used to ensure that the sites 

for water collection were as representative as possible. The results section of this 

chapter is broken into two distinct sections, with the first section containing the 

spatial survey results (section 3.2.1), and the second section containing the temporal

22



survey results (section 3.2.2). The spatial results are compared between sites within 

each billabong, and between billabongs. The temporal results are only compared 

within-site, over the duration of one day’s sampling. As only one site was sampled 

temporally at each billabong, it was deemed inappropriate to compare results 

between billabongs directly (as a more intense field survey may have found greater 

temporal variability between individual sites within each billabong than between the 

billabongs themselves). (This situation was unavoidable, as time, equipment 

availability, and personnel constraints dictated that only one site per billabong could 

be studied intensely during the field surveys.)

Phytoplankton biomass (in terms of chlorophyll a) was the only biological factor 

studied (and is included with the tables of physical parameters). The representative 

stature of the sample-water collection site was checked by ANOVA, using surface 

chlorophyll a samples from all sites.
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3.2 RESULTS

Due to the slightly different sampling times, comparisons between means of different 

billabongs are inappropriate. The different sampling times are a result o f the 

different number of samples collected per billabong, and the travelling time (as a 

result of differences in distance) required to reach each site. The difference in 

travelling time is the effect of difference in the size of the billabongs; the larger 

billabongs also required a greater number of samples than the smaller billabongs. 

Therefore there were no statistical tests performed between the billabongs for the 

spatial data, but the differences are discussed.

3.2.1 BILLABONG SPATIAL RESULTS

3.2.1.1 SPATIAL PHYSICAL CHARACTERISTICS

The selected representative sites for sampling are classified as representative for the 

billabongs.

The physical parameters of the representative site (site-5) for Shady Camp Billabong 

in September (Table 3.01) were within the minimum and maximum parameter values 

of the other sites, with the exception o f temperature, pH, and dissolved oxygen. Site- 

5 had the highest values of these parameters, with a 1.192%, 1.143%, and 14.561% 

increase above the mean value for the entire billabong sample. All six sampling sites 

provided extreme (minimum or maximum) values for some of the parameters 

measured. Of interest with these data, was that site-3 had the highest chlorophyll a 

concentration, yet the second lowest dissolved oxygen measurement. W hile the 

representative site had the third lowest chlorophyll a concentration and the highest 

dissolved oxygen measurement. Site-5 is considered representative of the billabong.

The representative site (site-5) physical parameters for Corroboree Billabong in 

September (Table 3.02) were within the maximum and minimum mean values for all 

physical parameters. Site-5, however, did have the lowest mean value of chlorophyll 

a, which is 23.819% lower than the billabong mean chlorophyll a, but only 1.105% 

lower than the next lowest value (site-8). Site-5 also has the only automatic 

sampling station on Corroboree Billabong (the only automatic sampling station of all 

the billabongs). The sampling station is situated on the adjacent eastern bank, with a 

sampling tube extending to the ‘billabong-bed' in the centre of the billabong. 

Consequently, site-5 is the best location of a representative site in Corroboree 

Billabong.
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Site-3 of Bridge Arm Billabong in October (Table 3.03) was the only site not to 

include extreme values of the physical parameters, however site-3 was not a median 

site (there were a total o f eight sampling sites). Of the median sites, site-4 had 

minimum extreme values only, while site-5 had both minimum and maximum 

extreme values for the physical parameters. The representative site had the lowest 

values for mean temperature, pH, and dissolved oxygen. However, there was 

minimal difference with the three parameters being 2.128%, 2.563%, and 6.871% 

below the mean value for the entire spatial data set respectively. The remaining 

parameters were within the minimum and maximum values for the entire billabong 

data set. Therefore site-4 is the better choice for a representative site for Bridge Arm 

Billabong; it is also the median site adjacent to site-3.

The physical parameters of the representative site (site-4) of Hardies Lagoon in 

October (Table 3.04) were within the parameter ranges set by the other sites, with the 

exception of temperature and chlorophyll a. These parameters were the highest 

values for the billabong parameters, with a 0.715% and 30.624% increase above the 

mean billabong value respectively. Site-2 had the lowest chlorophyll a 

concentration, yet the highest dissolved oxygen concentration, while site-4 had the 

highest chlorophyll a concentration, but only the third highest dissolved oxygen 

concentration. Site-3 was the only site of Hardies Lagoon that did not show extreme 

values for the physical parameters. Of the two median sites (site-3 and site-4), site-4 

was chosen as representative. In hindsight, site-3 would have been a better choice 

for the representative site, but the only extreme value measured in situ at site-4 was 

the water temperature, and this was only 0.20°C (mean value, n=3) higher than the 

temperature measured at site-3. Although site-3 may have been the better choice for 

a representative site, site-4 is still regarded as representative for Hardies Lagoon.

The parameters of the representative site (site-5) for Shady Camp Billabong in 

November (Table 3.05) were within the ranges set by the other sites, with the 

exception of chlorophyll a and the light extinction coefficient. The chlorophyll a 

value was 6.821% below the billabong mean, while the light extinction coefficient 

was 9.101% less (in magnitude). As a result of the lowest light extinction coefficient 

value, the representative site had the greatest euphotic depth. The representative site 

for Shady Camp Billabong was previously determined in September.



Table 3.01: Spatial physical characteristics and chlorophyll a concentration of Shady 
Camp Billabong. Parameters measured 14th September 1999, at a depth of 0.25 m. 
Values given are means, with standard errors in parentheses (n=3). Site-5 is the 
representative site. Temp = temperature, DO = dissolved oxygen, Chl-a = chlorophyll 
a, SC = specific conductivity, HT = Hach turbidity, LEC = light extinction coefficient, 
ED = euphotic depth.

Site Temp

(°C)

pH DO 

(mg L'1)

Chi a

(Hg l ')

SC 

(p.S cm *)

HT

(NTU)

LEC ED

(m)

l 28.26 6.91 4.00 5.30 197.6 4.6 - 1.20 3.83

(0 .006) (0 .003) (0.006) (0.982) (0.10) (0.03) (0.014) (0 .046)

2 29.08 6.95 4.55 7.80 196.2 5.4 - 1.41 3.27

(0 .023) (0 .003) (0.047) (0.841) (0 .20) (0.10) (0.026) (0 .060)

3 29.27 6.91 4.40 14.47 194.6 6.4 -1.35 3.41

(0 .023) (0.003) (0.034) (2.123) (0 .21) (0.07) (0.024) (0.059)

4 29.32 6.96 5.09 4.29 191.4 4.5 - 1.16 3.98

(0 .022) (0.003) (0.018) (0.939) (0.10) (0.06) (0.030) (0.100)

5 29.44 7.05 5.53 6.10 179.9 6.9 - 1.32 3.49

(0.026) (0.003) (0.007) ( 1.093) (0 .29) (0 .03) (0.016) (0 .043)

6 29.19 7.03 5.38 6.10 179.5 7.7 -1.39 3.32

(0 .146) (0.007) (0.027) (0 .518) (0 .81) (0.09) (0.014) (0.034)
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Table 3.02: Spatial physical characteristics and chlorophyll a concentration of 
Corroboree Billabong. Parameters measured 21st September 1999, at a depth of 0.25 
m. Values given are means, with standard errors in parentheses (n=3). Site-5 is the 
representative site. Temp = temperature, DO = dissolved oxygen, Chi a = chlorophyll 
a, SC = specific conductivity, HT = Hach turbidity, LEC = light extinction coefficient, 
ED = euphotic depth.

Site Temp pH DO Chi a SC HT LEC ED

(°C) (mg L '1) (|Ag L"‘) (pS cm 1) (NTU) (m)

1 27.87 6.50 5.27 7.36 102.9 20.0 -2.16 2.14

(0.009) (0.013) (0.062) (0.314) (2.79) (0.58) (0.039) (0.038)

2 28.32 6.86 6.64 7.82 96.1 11.3 -1.67 2.77

(0.006) (0.003) (0.033) (0.166) (0.23) (0.67) (0.070) (0.117)

3 28.22 6.73 6.55 9.77 96.3 6.5 -1.23 3.73

(0.010) (0.003) (0.058) (0.416) (4.46) (0.15) (0.006) (0.019)

4 28.76 6.83 6.73 6.01 91.2 3.4 -1.07 4.30

(0.039) (0.000) (0.052) (0.596) (0.17) (0.42) (0.032) (0.129)

5 29.67 6.81 6.33 5.37 91.7 4.1 -1.13 4.07

(0.013) (0.003) (0.032) (0.115) (0.09) (0.06) (0.024) (0.087)

6 29.36 6.60 5.82 6.13 93.9 5.7 -1.24 3.71

(0.075) (0.015) (0.027) (0.310) (0.68) (0.15) (0.034) (0.100)

7 29.59 6.55 5.91 8.49 98.3 6.3 -1.29 3.58

(0.009) (0.009) (0.148) (0.084) (0.74) (0.35) (0.024) (0.069)

8 30.18 6.61 5.99 5.43 97.2 7.5 -1.64 2.81

(0.009) (0.003) (0.041) (0.261) (0.15) (0.30) (0.010) (0.018)
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Table 3.03: Spatial physical characteristics and chlorophyll a concentration of Bridge 
Arm Billabong. Parameters measured 13th October 1999, at a depth of 0.25 m. Values 
given are means, with standard errors in parentheses (n=3). Site-4 is the 
representative site. Temp = temperature, DO = dissolved oxygen, Chi a = chlorophyll 
a, SC = specific conductivity, HT = Hach turbidity, LEC = light extinction coefficient, 
ED = euphotic depth.

Site Temp pH DO Chi a SC HT LEC ED

(°C) (mg L"') (Hg L"‘) (pS cm *) (NTU) (m)

I 29.97 7.15 5.27 5.79 63.7 9.0 -1.88 2.46

(0.003) (0.006) (0.020) (0.103) (0.18) (0.03) (0.060) (0.081)

2 30.15 7.08 5.39 6.80 63.9 8.7 -1.60 2.88

(0.020) (0.003) (0.024) (0.483) (0.15) (0.13) (0.031) (0.057)

3 30.15 7.06 5.30 6.70 63.2 7.6 -1.66 2.77

(0.012) (0.006) (0.045) (0.166) (0.15) (0.15) (0.008) (0.013)

4 29.79 6.88 5.16 8.68 62.6 5.8 -1.64 2.81

(0.029) (0.009) (0.079) (0.837) (0.06) (0.09) (0.005) (0.008)

5 30.67 7.1 1 5.73 5.80 62.2 7.9 -1.92 2.40

(0.012) (0.007) (0.019) (0.036) (0.18) (0.15) (0.020) (0.025)

6 30.88 7.06 5.86 9.33 62.7 6.9 -1.61 2.85

(0.007) (0.000) (0.035) (0.342) (0.10) (0.09) (0.022) (0.040)

7 3 1.25 7.14 5.81 11.49 63.0 6.2 -1.49 3.10

(0.019) (0.012) (0.041) (1.131) (0.00) (0.07) (0.012) (0.024)

8 30.62 6.98 5.78 6.11 63.2 5.3 -1.32 3.50

(0.006) (0.000) (0.023) (0.086) (0.03) (0.07) (0.027) (0.073)
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Table 3.04: Spatial physical characteristics and chlorophyll a concentration of Hardies 
Lagoon. Parameters measured 27th October 1999, at a depth of 0.25 m. Values given 
are means, with standard errors in parentheses (n=3). Site-4 is the representative site. 
Temp = temperature, DO = dissolved oxygen, Chi a = chlorophyll a, SC = specific 
conductivity, HT = Hach turbidity, LEC = light extinction coefficient, ED = euphotic 
depth.

Site Temp pH DO Chi a SC HT LEC ED

(°C) (mg L"') (Mg L '1) (pS cm 1) (NTU) (m)

l 30.71 7.12 5.53 7.46 65.0 19.7 -1.61 2.86

(0.003) (0.003) (0.018) (0.113) (0.10) (0.33) (0.012) (0.021)

jiL.
30.85 7.38 6.36 6.42 64.4 16.7 -1.68 2.75

(0.003) (0.003) (0.015) (0.264) (0.07) (0.67) (0.023) (0.038)

3 31.00 7.23 5.97 6.87 64.2 19.7 -1.73 2.66

(0.026) (0.006) (0.029) (0.489) (0.12) (0.33) (0.022) (0.033)

4 31.20 7.19 5.91 10.31 62.8 31.0 -2.49 1.85

(0.019) (0.018) (0.021) (0.626) (0.09) • (0.58) (0.015) (0.011)

5 31.12 7.02 5.41 8.12 61.9 37.3 -3.02 1.52

(0.105) (0.003) (0.075) (1.715) (0.20) (0.67) (0.029) (0.014)

6 30.98 6.91 5.21 8.16 70.2 76.7 -5.61 0.82

(0.078) (0.003) (0.075) (0.176) (0.09) (0.88) (0.121) (0.018)
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Table 3.05: Spatial physical characteristics and chlorophyll a concentration of Shady 
Camp Billabong. Parameters measured 10th November 1999, at a depth of 0.25 m. 
Values given are means, with standard errors in parentheses (n=3). Site-5 is the 
representative site. Temp = temperature, DO = dissolved oxygen, Chi a = chlorophyll 
a, SC = specific conductivity, HT = Hach turbidity, LEC = light extinction coefficient, 
ED = euphotic depth.

Site Temp PH DO Chi a SC HT LEC ED

(°C) (mg L"1) (Pg L '1) (pS cm  *) (NTU) (m )

I 29.70 6.81 2.08 13.44 276.0 4.0 -1.62 2.84

(0.009) (0.012) (0.156) (0.150) (0.00) (0.12) (0.024) (0.042)

2 29.79 7.01 3.21 15.27 271.0 4.5 -1.50 3.07

(0.003) (0.060) (0.105) (0.475) (0.00) (0.00) (0.023) (0.047)

3 29.96 6.96 4.18 14.02 310.0 8.1 -1.65 2.80

(0.003) (0.007) (0.078) (1.260) (0.00) (0.19) (0.019) (0.032)

4 29.92 6.88 3.47 13.23 406.3 5.9 -1.50 3.06

(0.010) (0.009) (0.091) (0.845) (0.67) (0.03) (0.025) (0.049)

5 30.28 7.04 4.89 12.86 466.7 5.1 -1.39 3.33

(0.009) (0.003) (0.056) (0.193) (0.33) (0.00) (0.028) (0.069)

6 30.41 7.21 5.73 14.01 516.7 6.3 -1.48 3.11

(0.012) (0.009) (0.097) (0.646) (0.33) (0.03) (0.010) (0.021)
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There was a temperature difference between the billabongs. However, the warming 

trend in each billabong surveyed would have been due to the changing weather 

conditions, as surveying started in the dry season, and progressed through to the start 

of the summer wet season. The changes in temperature were slight, however, as the 

mean temperature range was less than 2°C; minimum = 29.00°C (SE = 0 .161°C, n = 

24) for Corroboree Billabong in September (Table 3.02) and maximum = 30.98°C 

(SE = 0.044, n = 18) for Hardies Lagoon in October (Table 3.04). Due to the slight 

difference in times of sampling (not all surveys started at exactly the same time of 

morning), the significance of the 1.98°C difference between the billabongs cannot be 

determined.

All billabongs had mean pH ranges for each site (see Tables 3.01-3.05) from just 

below 7.00 to just above 7.00, except for Corroboree Billabong, whose pH was 

always below 7.00 (see Table 3.02). Excluding Corroboree Billabong, the pH range 

for all the other sampled billabongs was from 6.81 (Shady Camp Billabong in 

November site-1, SE = 0.012, n = 3) to 7.38 (Hardies Lagoon in October site-2, SE = 

0.003, n = 3). The high pH for Hardies Lagoon at site-2 was unexpected, as this site 

was sampled in midmorning, and was expected to have a relatively low value due to 

the relatively low irradiance compared to the sites sampled later in the morning.

Dissolved oxygen of the billabongs was low, with a range of mean values (for the 

individual sites) from 2.08 mg L"1 (Shady Camp Billabong in November site-1, SE = 

0.156 mg L '1, n = 3) to 6.73 mg L"1 (Corroboree Billabong in September site-4, SE = 

0.052 mg L"1, n = 3). The lowest dissolved oxygen measurements were for Shady 

Camp Billabong in September and November, with the November measurements 

lower than those of the September survey.

The chlorophyll a for the billabongs ranged from 4.29 pg L"1 (Shady Camp 

Billabong in September site-4, SE = 0.939 pg L"1, n = 3) to 15.27 pg L"1 (Shady 

Camp Billabong in November site-2, SE = 0.475 pg L ', n = 3). Shady Camp 

Billabong, in November, was the only billabong to have all spatial chlorophyll a 

measurements above 6.50 pg L"1. The lowest mean value, for Shady Camp 

Billabong in November, was 12.86 pg L"1 (SE = 0.193 pg L 1, n = 3) at site-5, which 

was the representative site. Corroboree Billabong was the only billabong that did not 

contain a chlorophyll a concentration of at least 10.00 pg L"1; the maximum 

chlorophyll a concentration of Corroboree Billabong was 9.77 pg L ' 1 (SE = 0.0.416 

pg L' , n = 3) at site-3.

The specific conductivity of the Mary River floodplain billabongs varied greatly. 

The highest specific conductivities were measured at Shady Camp Billabong, which
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has a history of salt-water intrusion prior to the construction of a barrage. The 

specific conductivities of Shady Camp Billabong ranged from 179.5 jiS cm ' 1 (SE = 

0.81 pS cm '1, n = 3) at site 6 to 197.6 (SE = 0.10 |J,S cm"1, n = 3) at site-1 (the 

southern end) in September, and had increased by November ranging from 271 pS 

cm "1 (SE = 0.00 |iS cm"1, n = 3) at site-2 to 516.7 pS cm "1 (SE = 0.33 pS cm '1, n = 3) 

at site-6 . The remaining billabongs had a specific conductivity range of 61.9 pS cm "1 

(Hardies Lagoon site-5, SE = 0.20 pS cm '1, n = 3) to 102.9 pS cm "1 (Corroboree 

Billabong site-1, SE = 2.79 pS cm"1, n = 3). The specific conductivity of Shady 

Camp Billabong in September showed a trend of decreasing specific conductivity 

from the southern end of the billabong (site-1) to the northern end of the billabong 

(site-6 ). However, this had changed by November, where the northern end of the 

billabong had the highest specific conductivity with the specific conductivity 

decreasing toward the southern end. All sites in November had higher specific 

conductivities than those measured in September.

The turbidity of Shady Camp Billabong in September and November, and Bridge 

Arm Billabong in October, was low, with all mean readings for the sampling sites 

not exceeding 9.0 NTU. Corroboree Billabong, in September, had a low to moderate 

turbidity range of 3.4 NTU (site-4, SE = 0.42 NTU, n = 3) to 20.0 NTU (site-1, SE = 

0.58 NTU, n = 3). Hardies Lagoon, in October, however, had moderate to high 

turbidity measurements, with site mean values ranging from 16.7 NTU (site-2, SE = 

0.67 NTU, n = 3) to 76.7 NTU (site-6, SE = 0.88 NTU, n = 3). The turbidity of 

Hardies Lagoon was affected by high topsoil loading, brought in by overnight 

storms; there had been early-wet-season storms on both nights before sampling. The 

turbidity increased from north to south, toward the southern entrance of Hardies 

Creek, which was transporting the soil-laden water from the surrounding catchment 

into Hardies Lagoon. O f note is the negligible impact of the early-wet-season storms 

on the turbidity of Shady Camp Billabong in November.

The light extinction coefficients (LEC’s) calculated are a reflection of the turbidities 

of the billabongs, with the more turbid billabongs having the higher LEC’s, and 

consequently the shallower ( ‘thinner’) euphotic zones (Tables 3.01-3.05).

Analysis of variance was performed for the surface chlorophyll a concentrations of 

each site for the individual billabongs (see Tables 3.01-3.05). (See Appendix 2 for 

the ANOVA and Tukey HSD results from Statistica.) The chlorophyll a 

concentration ANOVA for Shady Camp Billabong in September resulted in an 

ascending concentration difference, between the sites, of 4 = 1 = 5 = 6 = 2 < 3 ,  with 

site-5 being the representative site. In November, the ANOVA for Shady Camp
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Billabong had a result o f 5  = 4 =  l =  6 = 3 = 2. The ANOVA analyses (and Tukey 

HSD output for September) show that site-5 is representative for the billabong with 

respect to the collection of sample water. W hile the representative site (site-5) of 

Corroboree Billabong had the lowest mean chlorophyll a concentration, it had an 

equivalent concentration to the other median site (site-4), as well as two other sites. 

(5 = 8 = 4 = 6 < l = 2  = 7 < 3 f o r  Corroboree Billabong.) Bridge Arm Billabong had 

significant chlorophyll a concentration differences between some sites, with a result 

o f l  = 5 = 8 = 3 = 2< 4 = 6 < 7 .  Although site-5 would have been a better choice for 

a representative site for experimental-water collection, site-4 has a mean chlorophyll 

a concentration only 14.361% above the billabong mean. The representative site 

(site-4) of Hardies Lagoon had the highest mean chlorophyll a concentration, but 

there were no significant differences (2 = 3 =  1 = 5 = 6 = 4) between the billabong 

sites.

All representative sites are considered truly representative of the overall billabong, 

with respect to the field-measurable physical parameters and the chlorophyll a 

(biological) concentrations.
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3.2.1.2 SPATIAL CHEMICAL CHARACTERISTICS

Due to low ammonia concentrations at the w ater’s surface, from past surveys 

conducted by the Department of Lands, Planning and Environment (Northern 

Territory Government), no samples were collected for ammonia analyses during the 

spatial surveys. (The spatial samples were all surface samples.) The shallowest 

depth for any ammonia measurement above the minimum detectable level (0.01 mg 

L"1) of any billabong during the temporal surveys (Tables 3.11-3.15), was 2.0m 

depth, at Shady Camp Billabong in September (Table 3.11). This provides further 

support for the decision to exclude ammonia testing from the spatial chemical 

analyses.

All nitrite analyses, for all sites of all billabongs surveyed, were below the minimum 

detectable level of 0.02 mg L '. However, the nitrate did occur in detectable 

concentrations, and varied markedly in Shady Camp Billabong in September (Table 

3.06) and Hardies Lagoon (Table 3.09). The trend in Shady Camp Billabong was of 

low nitrate concentrations at the southern end and mid-reach, but of high 

concentrations toward the northern end of the billabong (Table 3.06). Hardies 

Lagoon also exhibited a marked variation in nitrate concentrations, with site-5 and 

site-6 having higher concentrations than the other sites. These sites were toward the 

southern end o f the billabong, where water-flow from Hardies Creek was bringing 

nutrient-rich water into the billabong. The water was the result of overnight rain that 

had washed soil, leaves, and cattle faecal matter into the creek. Corroboree 

Billabong (Table 3.07), Bridge Arm Billabong (Table 3.08) and Shady Camp 
Billabong in November (Table 3.10) all had low nitrate concentrations. The ‘Nitrate 

and nitrite as N ’ analyses were low in all billabongs, although Hardies Lagoon did 

have higher concentrations at site-5 and site-6. The nitrate value appears to have the 

major influence on the ‘Nitrate and nitrite as N ’.

Kjeldahl nitrogen, which includes both inorganic and organic nitrogen, was relatively 

high in Shady Camp Billabong during September and November, although the 

November concentration was lower than that of September. Corroboree Billabong 

had a moderate Kjeldahl nitrogen concentration, while Bridge Arm Billabong and 

Hardies Lagoon had low concentrations. The relatively high concentrations found in 

Shady Camp Billabong were evenly distributed between the sites, although the third 

replicate of site-2 from the September survey (Table 3.06) was exceptionally high 

compared to the other values. This anomaly is assumed to be an outlier that is not 

representative of the site (especially considering the other two replicates were less 

than half the concentration of this sample).
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Soluble reactive phosphorus (SRP) was low in all billabongs except for some sites in 

Shady Camp Billabong during November (Table 3.10). All mean SRP 

concentrations for the sites of Shady Camp Billabong (in November) exceeded 0.006 

mg L"1 except for site-4 (mean = 0.004 mg SRP L ', SE = 0.0003 mg SRP L"1, n = 3). 

Shady Camp Billabong in September, and all the other billabongs, had mean (for 

each site) SRP concentrations below 0.006 mg L"1. The total phosphorus values are 

also low for the billabongs, although Shady Camp Billabong does show higher total 

phosphorus concentrations than the other billabongs, with the November 

concentrations being slightly higher than the September concentrations. The low to 

moderate concentration of total phosphorus at Shady Camp Billabong in September 

is several-fold higher than the SRP values. This suggests that organic sources of 

phosphorus were responsible for the bulk of the total phosphorus in Shady Camp 

Billabong, although by November the inorganic sources accounted for a greater 

proportion of the total phosphorus.

The soluble reactive silicon (SRS) was low in Shady Camp Billabong and 

Corroboree Billabong, with no replicates (of any site) exceeding 5.0 mg L"1. 

However, Bridge Arm Billabong and Hardies Lagoon had higher SRS 

concentrations, with all replicates exceeding 14.0 mg L '. The SRS has no bearing 

on phytoplankton growth and billabong primary productivity, but does have an affect 

concerning phytoplankton assemblages and species diversity. (Diatoms require SRS, 

and higher concentrations will allow diatoms to account for a greater proportion 

(even blooms) of the phytoplankton within the billabongs.)

There were no observable patterns between chlorophyll a concentrations and the 

values or concentrations of the physical and chemical data from the spatial surface 

samples collected from the field. The sites designated as the representative sites are 

considered truly representative of the respective billabongs, with respect to physical 

parameters, chemical concentrations, and chlorophyll a concentrations (as 

determined from the spatial survey).
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Table 3.06: Spatial chemical characteristics of Shady Camp Billabong. Parameters
measured 14th September 1999, at a depth of 0.25 m (n=3). Site-5 is the representative
site. All measurements are in mg L'1.

Site Nitrate + 

nitrate as 

N

Nitrite Nitrate Kjeldahl

nitrogen

Total

phosphorus

Soluble

reactive

phosphorus

Soluble

reactive

silicon

0.002 <0.02 0.008 0.63 0.024 0.004 3.2

l 0.002 <0.02 0.008 0.67 0.029 0.004 3.1

0.002 <0.02 0.008 0.73 0.033 0.004 3.1

<0.001 <0.02 <0.004 0.61 0.037 0.004 3.0

2 <0.001 <0.02 <0.004 0.62 0.025 0.003 3.2

<0.001 <0.02 <0.004 1.43 0.025 0.003 3.2

0.001 <0.02 0.004 0.65 0.031 0.002 3.5

3 0.002 <0.02 0.007 0.64 0.031 0.003 3.5

0.001 <0.02 0.006 0.68 0.032 0.003 3.4

0.001 <0.02 0.004 0.59 0.029 0.003 3.2

4 <0.001 <0.02 <0.004 0.58 0.030 0.002 3.2

<0.001 <0.02 <0.004 0.63 0.028 0.002 3.3

0.003 <0.02 0.024 0.62 0.028 0.002 3.6

5 0.003 <0.02 0.022 0.56 0.030 0.001 3.5

0.003 <0.02 0.024 0.56 0.028 0.001 3.4

0.009 <0.02 0.040 0.58 0.030 0.001 3.3

6 0.009 <0.02 0.041 0.62 0.027 0.001 3.2

0.010 <0.02 0.044 0.63 0.026 0.001 3.4
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Table 3.07: Spatial chemical characteristics of Corroboree Billabong. Parameters
measured 21st September 1999, at a depth of 0.25 m (n=3). Site-5 is the representative
site. All measurements are in mg L"1.

Site N itrate + 

nitrate as 

N

N itrite N itrate K jeldah l

nitrogen

T otal

phosphorus

Soluble

reactive

phosphorus

Soluble

reactive

silicon

0.003 <0.02 0.013 0.33 0.028 0.002 3.6

l 0.003 <0.02 0.022 0.37 0.028 0.001 3.2

0.002 <0.02 0.009 0.40 0.026 0.001 3.6

0.002 <0.02 0.009 0.33 0.019 <0.001 3.4

2 0.002 <0.02 0.009 0.34 0.020 <0.001 3.3

<0.001 <0.02 <0.004 0.39 0.022 <0.001 3.6

<0.001 <0.02 <0.004 0.38 0.022 <0.001 3.3

3 <0.001 <0.02 <0.004 0.32 0.020 <0.001 3.4

<0.001 <0.02 <0.004 0.28 0.021 <0.001 3.4

<0.001 <0.02 <0.004 0.29 0.015 <0.001 3.2

4 <0.001 <0.02 <0.004 0.39 0.018 0.002 3.0

<0.001 <0.02 <0.004 0.29 0.016 0.002 2.6

<0.001 <0.02 <0.004 0.38 0.014 0.001 2.7

5 <0.001 <0.02 <0.004 0.32 0.015 0.001 2.8

<0.001 <0.02 <0.004 0.43 0.013 0.001 2.8

<0.001 <0.02 <0.004 0.37 0.017 <0.001 2.5

6 0.001 <0.02 0.004 0.46 0.017 <0.001 2.3

<0.001 <0.02 <0.004 0.43 0.020 <0.001 2.3

<0.001 <0.02 <0.004 0.53 0.024 <0.001 2.4

7 <0.001 <0.02 <0.004 0.54 0.024 <0.001 2.3

<0.001 <0.02 <0.004 0.59 0.025 <0.001 2.4

<0.001 <0.02 <0.004 0.67 0.022 <0.001 2.7

8 <0.001 <0.02 <0.004 0.64 0.022 0.001 2.9

<0.001 <0.02 <0.004 0.63 0.019 0.001 2.6
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Table 3.08: Spatial chemical characteristics of Bridge Arm Billabong. Parameters
measured 13th October 1999, at a depth of 0.25 m (n=3). Site-4 is the representative
site. All measurements are in mg L'1.

Site Nitrate + 

nitrate as 

N

Nitrite Nitrate Kjeldahl

nitrogen

Total

phosphorus

Soluble

reactive

phosphorus

Soluble

reactive

silicon

<0.001 <0.02 <0.004 0.17 0.022 0.007 15.6

1 <0.001 <0.02 <0.004 0.18 0.015 0.001 15.6

<0.001 <0.02 <0.004 0.17 0.015 0.003 15.6

<0.001 <0.02 <0.004 0.20 0.018 0.002 15.5

2 <0.001 <0.02 <0.004 0.22 0.021 0.002 15.4

<0.001 <0.02 <0.004 0.18 0.019 0.004 15.4

<0.001 <0.02 <0.004 0.18 0.020 0.001 15.7

3 <0.001 <0.02 <0.004 0.22 0.019 0.005 15.6

<0.001 <0.02 <0.004 0.19 0.016 0.008 15.6

<0.001 <0.02 <0.004 0.19 0.020 0.003 15.9

4 <0.001 <0.02 <0.004 0.23 0.015 0.004 15.8

<0.001 <0.02 <0.004 0.24 0.019 0.003 15.9

<0.001 <0.02 <0.004 0.19 0.019 <0.001 15.9

5 0.001 <0.02 0.004 0.24 0.016 <0.001 15.9

<0.001 <0.02 <0.004 0.23 0.016 0.002 16.0

<0.001 <0.02 <0.004 0.22 0.017 0.001 16.5

6 0.002 <0.02 0.009 0.21 0.017 0.002 16.5

0.002 <0.02 0.009 0.24 0.017 0.004 16.3

<0.001 <0.02 <0.004 0.21 0.019 0.003 16.9

7 <0.001 <0.02 <0.004 0.22 0.020 0.003 16.9

<0.001 <0.02 <0.004 0.20 0.020 0.003 16.9

<0.001 <0.02 <0.004 0.22 0.016 0.004 16.6

8 <0.001 <0.02 <0.004 0.24 0.010 0.002 16.5

<0.001 <0.02 <0.004 0.22 0.016 0.005 16.2

38



measurements are in mg L’1.

Table 3.09: Spatial chemical characteristics of Hardies Lagoon. Parameters measured
27th October 1999, at a depth -of 0.25 m (n=3). Site-4 is the representative site. All

Site N itra te  + 

n itra te  as 

N

N itrite N itrate K jeldahl

nitrogen

T otal

phosphorus

Soluble

reactive

phosphorus

Soluble

reactive

silicon

0.002 <0.02 0.009 0.28 0.013 0.001 15.5

l 0.002 <0.02 0.009 0.27 0.014 <0.001 15.6

0.002 <0.02 0.009 0.25 0.016 0.002 15.6

0.001 <0.02 0.004 0.25 0.016 0.001 15.9

2 0.001 <0.02 0.004 0.24 0.016 0.001 14.6

0.002 <0.02 0.009 0.24 0.017 0.001 14.6

<0.001 <0.02 <0.004 0.21 0.017 0.002 14.6

3 0.001 <0.02 0.004 0.26 0.019 0.002 14.7

<0.001 <0.02 <0.004 0.25 0.019 0.002 14.7

0.002 <0.02 0.009 0.21 0.016 0.002 14.9

4 0.003 <0.02 0.013 0.15 0.020 <0.001 15.1

0.002 <0.02 0.009 0.23 0.018 0.001 15.0

0.008 <0.02 0.035 0.26 0.018 . 0.002 15.3

5 0.009 <0.02 0.040 0.23 0.022 0.001 15.3

0.008 <0.02 0.035 0.22 0.021 0.002 15.5

0.031 <0.02 0.137 0.20 0.026 0.002 14.8

6 0.031 <0.02 0.137 0.21 0.031 0.002 15.3

0.031 <0.02 0.137 0.23 0.034 0.001 15.1
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site. All measurements are in mg L'1.

Table 3.10: Spatial chemical characteristics of Shady Camp Billabong. Parameters
measured 10th November 1999, at a depth of 0.25 m (n=3). Site-5 is the representative

Site Nitrate + Nitrite Nitrate Kjeldahl Total Soluble Soluble

nitrate as nitrogen phosphorus reactive reactive

N phosphorus silicon

0.002 <0.02 0.009 0.60 0.056 0.013 5.0

I <0.00! <0.02 <0.004 0.63 0.059 0.015 5.0

<0.001 <0.02 <0.004 0.66 0.056 0.013 4.8

<0.001 <0.02 <0.004 0.50 0.046 0.009 3.4

2 <0.001 <0.02 <0.004 0.51 0.048 0.009 3.4

<0.001 <0.02 <0.004 0.54 0.049 0.013 3.4

<0.001 <0.02 <0.004 0.49 0.036 0.007 2.1

3 <0.001 <0.02 <0.004 0.49 0.037 0.007 2.1

<0.001 <0.02 <0.004 0.50 0.039 0.007 2.1

0.001 <0.02 0.004 0.62 0.036 0.005 2.1

4 0.001 <0.02 0.004 0.52 0.032 0.004 2.1

0.001 <0.02 0.004 0.48 0.035 0.004 2.1

<0.001 <0.02 <0.004 0.50 0.031 0.010 2.1

5 <0.001 <0.02 <0.004 0.56 0.031 0.009 2.1

<0.001 <0.02 <0.004 0.52 0.035 0.011 2.1

<0.001 <0.02 <0.004 0.59 0.033 0.010 2.2

6 <0.001 <0.02 <0.004 0.51 0.031 0.009 2.1

<0.001 <0.02 <0.004 0.53 0.033 0.008 2.2
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3.2.2 BILLABONG DIURNAL RESULTS

3.2.2.1 SHADY CAMP BILLABONG -  SEPTEMBER 1999

Tem perature (°C )

Figure 3.01: Temporal temperature profile of Shady Camp Billabong. Profile from 
September 1999.

-C

PH

Figure 3.02: Temporal pH profile of Shady Camp Billabong. Profile from September
1999.
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D isso lved  O x y g e n  (m g L '1)

Figure 3.03: Temporal dissolved oxygen profile of Shady Camp Billabong. Profile 
from September 1999.

S p e cific  C on d u ctivity  (|iS c m '1)

Figure 3.04: Temporal specific conductivity profile of Shady Camp Billabong. Profile
from September 1999.
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Figure 3.05: Temporal turbidity profile of Shady Camp Billabong. Profile from 
September 1999.

Figure 3.06: Temporal chlorophyll a profile of Shady Camp Billabong. Profile from
September 1999. The ‘linkage-line’ has been omitted due to poor fit with the data
points.
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Figure 3.01 shows distinctive temperature stratification during the early morning (at 

8:00 h), with the epilimnion extending to a depth of 2m. The range in temperatures, 

however, is only 1.1 °C. The measurements taken later in the day did not produce 

profiles as distinctive. The differences in the depth measurements was due to 

movement of the boat, where movement of a few metres can place the boat in 

slightly shallower or deeper water.

pH (Fig. 3.02) was acidic below 2m at 8:00h, with the upper 2m of the water column 

neutral or slightly alkaline (<7.05 pH). During the day the pH above 4 m depth 

increased. The close relationship between pH and dissolved oxygen is shown by the 

similarity in the profiles of Fig. 3.02 and Fig. 3.03. Acidic water generally had less 

than 4.25 mg L ’ 1 dissolved oxygen.

Specific conductivity (Fig. 3.04) exhibited an increasing trend in the upper 4 m 

during the late morning and early afternoon; with the increase more pronounced 

closer to the waters surface. By late afternoon (17:26 h) the specific conductivity 

had returned to a profile similar to that of the early morning (8:00 h), with the 

exception of a marked decrease in specific conductivity between 2 m and 3 m depth.

Turbidity (Fig. 3.05) in the upper 2 m of the water column remained relatively 

constant throughout the day. However, the turbidity below 2 m decreased markedly 

throughout the day, with the greater decrease occurring below 4 m depth.

Chlorophyll a profiles (Fig. 3.06) show only a general trend toward decreasing 

chlorophyll a concentrations with increasing depth below 2.5 m. The uppermost 2.5 

m indicates that the light environment of the experimental containers is adequate for 

growth of the Shady Camp Billabong phytoplankton; as the light attenuation 

environment within the shadehouse is equivalent to a depth of 1.36 m (see Methods 

section 2.2.3).
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Table 3.11: Temporal chemical characteristics of Shady Camp Billabong. Parameters
measured 13th September 1999. All chemical measurements are in mg L'1. The upper
value was sampled at 8:35 h, and the lower value was sampled at 14:24 h.

Depth

(m)

Nitrate + 

nitrate as 

N

Nitrite Nitrate Ammonia Kjeldahl

nitrogen

Total

P

Soluble

reactive

P

Soluble

reactive

silicon

0.007 <0.02 0.033 0.01 0.63 0.033 0.003 3.2
0.0

<0.001 <0.02 <0.004 <0.01 0.60 0.024 0.003 3.2

0.007 <0.02 0.033 0.01 0.60 0.035 0.004 3.2
-0.5

<0.001 <0.02 <0.004 <0.01 0.60 0.024 0.002 3.2

0.008 <0.02 0.037 0.01 0.58 0.029 0.002 3.3
- 1.0

0.002 <0.02 0.010 <0.01 0.57 0.029 0.002 3.1

0.009 <0.02 0.040 0.01 0.60 0.032 0.004 3.7
-1.5

0.004 <0.02 0.017 <0.01 0.57 0.030 0.002 3.1

0.011 <0.02 0.047 0.02 0.56 0.036 0.004 3.1
-2.0

0.009 <0.02 0.041 0.01 0.59 0.027 0.002 3.1

0.014 <0.02 0.062 0.02 0.62 0.035 0.007 3.2
-2.5

0.010 <0.02 0.043 0.02 0.55 0.023 0.002 2.9

0.015 <0.02 0.065 0.05 0.66 0.028 0.003 3.2
-3.0

0.011 <0.02 0.050 0.04 0.62 0.029 0.002 3.3

0.015 <0.02 0.065 0.07 0.64 0.033 0.004 3.2
-3.5

0.012 <0.02 0.052 0.04 0.43 0.026 0.002 3.5

0.015 <0.02 0.065 0.08 0.69 0.028 0.004 3.4
-4.0

0.012 <0.02 0.055 0.06 0.71 0.036 0.005 3.3

0.015 <0.02 0.064 0.09 0.71 0.031 0.003 3.5
-4.5

0.012 <0.02 0.052 0.09 0.68 0.032 0.004 3.4
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Table 3.11 shows that nitrite was low, with all samples having concentrations below 

the minimum detectable concentration. However, nitrate and ammonia increased 

with depth. Nitrate also exhibited a decrease in concentration from the morning 

survey to the afternoon survey, although this decrease was not as pronounced in the 

deeper water. Kjeldahl nitrogen remained constant throughout the water column. 

Soluble reactive phosphorus was low in concentration, and exhibited no obvious 

trends. Total phosphorus exhibited a decrease in concentration, in the upper 2.5 m, 

from morning to afternoon. The relative high total phosphorus compared to the 

soluble reactive phosphorus, shows that most of the billabong phosphorus is organic. 

The soluble reactive silicon concentrations had no obvious trends.
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3.2.2.2 CORROBOREE BILLABONG -  SEPTEMBER 1999

Tem perature (°C)

Figure 3.07: Temporal temperature profile of Corroboree Billabong. Profile from 
September 1999.

PH

Figure 3.08: Temporal pH profile of Corroboree Billabong. Profile from September
1999.
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Figure 3.09: Temporal dissolved oxygen profile of Corroboree Billabong. Profile from 
September 1999.
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Figure 3.10: Temporal specific conductivity profile of Corroboree Billabong. Profile
from September 1999. The ‘linkage-line’ has been omitted due to poor fit with the data
points.
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Figure 3.11: Temporal turbidity profile of Corroboree Billabong. Profile from 
September 1999. The ‘linkage-line’ has been omitted due to poor fit with the data 
points.
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Figure 3.12: Temporal chlorophyll a profile of Corroboree Billabong. Profile from
September 1999. The ‘linkage-line’ has been omitted due to poor fit with the data
points.
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The temperature profile at 8:48 h (Fig. 3.07) shows a distinct mixed layer down to a 

depth of 3 m. The epilimnion temperature increased during the day, with the water 

nearer the surface initially increasing fastest. The temperature was consistent 

through the epilimnion by the late afternoon (17:41 h).

The pH of the water (Fig. 3.08) was acidic during the morning, with only the water 

above 2 m depth becoming alkaline during the afternoon. The dissolved oxygen 

profile (Fig. 3.09) closely matches that of the pH profile. Dissolved oxygen levels 

below 6.75 mg L ' 1 appear closely matched to acidic pH.

Specific conductivity (Fig. 3.10) did not exhibit any obvious pattern of change 

during the day except for the early afternoon (14:27 h). During the early afternoon 

the specific conductivity increased slightly with increasing depth, although the range 

was less than 4 |iS cm '1.

The turbidity (Fig. 3.11) of the water column remained stable throughout the day, 

with only minor fluctuations.

Chlorophyll a (Fig. 3.12) exhibited a pattern of dramatic increase during the day 

(from 8:48 h to 14:27 h) from 0.5 m to 2.5 m. However, at 17:41 h the chlorophyll a 

was consistent throughout the water column.
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Table 3.12: Temporal chemical characteristics of Corroboree Billabong. Parameters 
measured 20th September 1999. All chemical measurements are in mg L"1. The upper 
value was sampled at 8:49 h, and the lower value was sampled at 14:28 h. The 
missing values at the lowest depth are due to movement of the boat during the day 
(as a result of wind shifts), moving the boat over deeper water in the afternoon.

D epth

(m )

N itrate + 

nitrate as 

N

N itrite N itrate A m m onia K jeldahl

nitrogen

Total

P

Soluble

reactive

P

Soluble

reactive

silicon

0.002 <0.02 0.009 <0.01 0.44 0.019 0.002 2.6
0.0

<0.001 <0.02 <0.004 <0.01 0.40 0.016 0.002 2.7

0.002 <0.02 0.009 <0.01 0.41 0.020 0.002 2.6
-0.5

<0.001 <0.02 <0.004 <0.01 0.43 0.016 0.001 2.5

0.002 <0.02 0.009 <0.01 0.41 0.023 0.002 2.4
-1.0

<0.001 <0.02 <0.004 <0.01 0.45 0.022 0.001 2.5

0.001 <0.02 0.004 <0.01 0.43 0.021 0.002 2.4
-1.5

<0.001 <0.02 <0.004 0.01 0.43 - 0.022 <0.001 2.6

<0.001 <0.02 <0.004 <0.01 0.44 0.020 0.001 2.5
-2.0

<0.001 <0.02 <0.004 <0.01 0.50 0.022 <0.001 2.6

<0.001 <0.02 <0.004 0.01 0.41 0.024 0.002 2.6
-2.5

<0.001 <0.02 <0.004 <0.01 0.54 0.022 <0.001 2.5

0.001 <0.02 0.004 0.02 0.42 0.022 0.001 2.6
-3.0

<0.001 <0.02 <0.004 0.01 0.43 0.020 <0.001 3.0

0.001 <0.02 0.004 0.01 0.36 0.020 0.003 3.2
-4.0

<0.001 <0.02 <0.004 0.01 0.46 0.021 <0.001 3.1

0.001 <0.02 0.004 0.01 0.38 0.019 0.002 3.2
-5.0

0.001 <0.02 0.004 0.02 0.68 0.021 <0.001 3.2

0.001 <0.02 0.004 0.01 0.35 0.019 0.002 3.4
-6.0

<0.001 <0.02 <0.004 0.04 0.46 0.022 0.002 3.7

-7.0
<0.001 <0.02 <0.004 0.04 0.50 0.022 0.003 3.7
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The water chemistry analyses (Table 3.12) shows a relatively stable chemistry 

throughout the water column. Nitrite always remained below the minimum 

detectable concentration, and nitrate never exceeded 0.009 mg L '1, ammonia was 

also constantly low in concentration. Kjeldahl nitrogen remained stable above 1.5 m 

through the day. However, there were relatively lower values below 3.0 m depth in 

the morning (8:49 h), and relatively higher values below 1.5 m in the afternoon 

(14:28 h). The relatively high concentration o f Kjeldahl nitrogen, compared to the 

nitrate, nitrite, and ammonia, show that most o f the nitrogen within the billabong is 

organic.

Soluble reactive phosphorus was consistently low throughout the sampling. The 

only difference in phosphorus was a relatively lower total phosphorus concentration 

in the upper 0.5 m during the early afternoon. The relatively high total phosphorus 

concentrations, compared to the soluble reactive phosphorus, show that most of the 
phosphorus was in the form of organic compounds.

Soluble reactive silicon remained stable to a depth of 2.5 m. There was an increasing 

trend in the SRS below 3.0 m in the morning and below 2.5 m in the afternoon. The 

soluble reactive silicon was almost 50% higher near the sediment compared to the 

values measured in the upper 2.5 m.
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3.2.2.3 BRIDGE ARM BILLABONG -  OCTOBER 1999

( i

/  :

8:38h

Tem perature (°C)

Figure 3.13: Temporal temperature profile of Bridge Arm Billabong. Profile from 
October 1999.

Figure 3.14: Temporal pH profile of Bridge Arm Billabong. Profile from October 1999.
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D issolved  O x y g e n  (m g L '1)

Figure 3.15: Temporal dissolved oxygen profile of Bridge Arm Billabong. Profile from 
October 1999.

Sp ecific  C o n d u ctiv ity  (p S  c m '1)

Figure 3.16: Temporal specific conductivity profile of Bridge Arm Billabong. Profile 
from October 1999.
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Figure 3.17: Temporal turbidity profile or Bridge Arm Billabong. Profile from October 
1999. The ‘linkage-line’ has been omitted due to poor fit with the data points.
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Figure 3.18: Temporal chlorophyll a profile of Bridge Arm Billabong. Profile from
October 1999. The ‘linkage-line’ has been omitted due to poor fit with the data points.
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The temperature profile at 8:38 h (Fig. 3.13) shows a mixed layer extending down to 

2.75 m depth. The temperature of the lower water column (from 2 m depth 

downward) decreased slightly with depth, but remained constant from the 

midmorning (8:38 h) to the early afternoon sampling (14:26 h), after which the 

temperature decreased slightly. The upper 2 m of the water column increased in 

temperature during the day, with the water nearer the surface increasing faster.

The pH of the water column (Fig. 3.14) at the representative site remained acidic 

during the morning, although the upper 0.25 m was neutral during the late morning 

(10:56 h) sampling. The upper 1.5 m o f the billabong increased in pH during the 

day, with the upper 1.25 m becoming alkaline during the afternoon. The water below 

1.5 m became progressively more acidic during the day. The dissolved oxygen 

profile (Fig. 3.15) closely matched the profile of the pH. Acidic water typically had 

less than 5.50 mg L 1 of dissolved oxygen.

The specific conductivity (Fig. 3.16) of the upper 2 m of the water column remained 

relatively constant during the day. The water below 2 m depth increased slightly 

during the day, exhibiting increasing specific conductivity with depth.

The turbidity profile (Fig. 3.17) remained relatively constant within the upper 2.25 m 

of the water column throughout the day. However, the water below 2.25 m was 

more turbid than the upper 2.5 m (and was highest in the morning).

The chlorophyll a concentrations (Fig. 3.18), during the morning samples, increased 

from the water surface to 1.25 m depth, and then decreased with depth. The early 

afternoon chlorophyll a analyses appears to exhibit no clear trend, however, with the 

removal of the 1.75 m and 2.25 m samples, there appears the be an exaggeration of 

the trend observed in the morning samples. The late afternoon analyses show a 

consistent chlorophyll a concentration throughout the upper 2.5 m of the water 

column, with the water below 2.5 m having lower concentrations.
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Table 3.13: Temporal chemical characteristics of Bridge Arm Billabong. Parameters
measured 12th October 1999. All chemical measurements are in mg L’1. The upper
value was sampled at 8:40 h, and the lower value was sampled at 14:29 h.

Depth

(m)

Nitrate + 

nitrate as 

N

Nitrite Nitrate Ammonia Kjeldahl

Nitrogen

Total

P

Soluble

reactive

P

Soluble

reactive

silicon

<0.001 <0.02 <0.004 0.01 0.15 0.018 0.002 16.0
0.0

0.001 <0.02 0.004 <0.01 0.14 0.018 0.002 16.1

<0.001 <0.02 <0.004 <0.01 0.30 0.020 0.003 16.0
-0.5

<0.001 <0.02 <0.004 <0.01 0.19 0.020 0.005 16.2

<0.001 <0.02 <0.004 <0.01 0.17 0.020 0.003 16.2
-l.O

<0.001 <0.02 <0.004 <0.01 0.21 0.021 0.003 16.1

<0.001 <0.02 <0.004 <0.01 0.25 0.017 0.002 16.2
-1.5

<0.001 <0.02 <0.004 <0.01 0.19 0.017 0.003 16.0

<0.001 <0.02 <0.004 <0.01 0.25 0.016 0.003 16.3
-2.0

<0.001 <0.02 <0.004 <0.01 0.16 0.019 0.003 16.3

0.002 <0.02 0.009 0.01 0.25 0.032 0.004 16.3
-2.5

0.001 <0.02 0.004 0.02 0.15 0.019 0.002 16.3

0.002 <0.02 0.009 0.03 0.32 0.027 0.002 16.1
-3.0

0.001 <0.02 0.004 0.04 0.35 0.017 0.003 16.5
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The chemical analyses of Bridge Arm Billabong (Table 3.13) show a trend toward 

increasing ammonia and Kjeldahl nitrogen with depth, although the ammonia only 

exhibits this trend below 2.5 m. The nitrate concentration increased with depth in the 

morning (8:40 h), but this trend was not evident in the early afternoon sample (14:29 

h). The nitrite remained below the minimum detectable concentration of 0.020 mg 

L 1.

Soluble reactive phosphorus remained constantly low in concentration. The total 

phosphorus concentration increased with depth in the morning sample, but was stable 

throughout the water column in the afternoon sample. Most of the phosphorus was 

in the form of organic phosphorus.

Soluble reactive silicon remained constant throughout the water column, and showed 

no change between the morning and afternoon samples.
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3.2.2.4 HARDIES LAGOON -  OCTOBER 1999

Tem perature (°C)

Figure 3.19: Temporal temperature profile of Hardies Lagoon. Profile from October 
1999.

Figure 3.20: Temporal pH profile of Hardies Lagoon. Profile from October 1999.

59



D issolved  O x y g e n  (m g L  ')

Figure 3.21: Temporal dissolved oxygen profile of Hardies Lagoon. Profile from 
October 1999.

C.

S p ecific  C on d u ctivity  (p S  cm 4 )

Figure 3.22: Temporal specific conductivity profile of Hardies Lagoon. Profile from
October 1999.
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Figure 3.23: Temporal turbidity profile of Hardies Lagoon. Profile from October 1999. 
The ‘linkage-line’ has been omitted due to poor fit with the data points.
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Figure 3.24: Temporal chlorophyll a profile of Hardies Lagoon. Profile from October 
1999. The ‘linkage-line’ has been omitted due to poor fit with the data points.
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The temperature profiles for Hardies Lagoon (Fig. 3.19) show a distinct 

metalimnion. The water below 2 m depth remained stable throughout the day. The 

upper 1.5 m of the billabong increased during the day, with the water temperature 

nearer the surface increasing fastest.

The pH o f the water (Fig. 3.20) remained constantly acidic below 1.75 m, and 

alkaline above 1.0m depth. The acidic layer ascended from below 1.5 m depth at 

midmorning (8:08 h) to just below 1.0 m at 11:05 h and 14:11 h, and then descended 

to below 1.5 m by 17:11 h. The dissolved oxygen profile (Fig. 3.21) closely matches 

that of the pH profile throughout the sampling periods. Acidic water generally had a 

dissolved oxygen concentration below 5.00 |ig L"1. The pH and dissolved oxygen 

remained constant at depths below 2 m. The water in the upper 1 m increased in pH 

and dissolved oxygen during the day.

Specific conductivity (Fig. 3.22) of the water column decreased during the day. The 

profile of the upper 2.0 m and the water below 3.5 m depth retained its characteristic 

shape during the day. However, the profile of the water between 2.0 m and 3.5 m 

depth changed shape throughout the day, with no obvious pattern evident to the 

changing shape o f the profile.

The upper 2 m of the billabong increased in turbidity (Fig. 3.23) during the day, with 

the greatest increases occurring within the upper 1 m. The water below 2 m depth 

remained relatively constant during the day.

Chlorophyll a (Fig. 3.24) increased slightly from the surface to a depth of 0.5 m to
1.0 m during the day, with a decrease in concentration with depth below this 

maximum. The chlorophyll a in the upper 2 m increased throughout the day. The 

chlorophyll a of the water below 3 m depth decreased to a minimum in the early 

afternoon (14:11 h), and then increased by late afternoon (17:11 h).
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Table 3.14: Temporal chemical characteristics of Hardies Lagoon. Parameters
measured 26th October 1999. All chemical measurements are in mg L'1. The upper
value was sampled at 8:10 h, and the lower value was sampled at 14:13 h.

Depth

(m)

Nitrate + 

nitrate as 

N

Nitrite Nitrate Ammonia Kjeldahl

nitrogen

Total

P

Soluble

reactive

P

Soluble

reactive

silicon

0.002 <0.02 0.009 0.01 0.22 0.014 0.002 15.1
0.0

0.002 <0.02 0.009 <0.01 0.21 0.010 0.001 15.1

0.001 <0.02 0.004 <0.01 0.23 0.014 0.002 15.0
-0.5

0.001 <0.02 0.004 <0.01 0.24 0.012 0.001 15.4

0.001 <0.02 0.004 <0.01 0.25 0.017 0.002 15.4
-1.0

<0.001 <0.02 <0.004 <0.01 0.30 0.023 0.002 15.6

0.001 <0.02 0.004 <0.01 0.26 0.020 0.002 15.2
-1.5

<0.001 <0.02 <0.004 <0.01 0.27 0.020 0.002 15.3

0.006 <0.02 0.027 0.01 0.36 0.014 0.001 15.3
-2.0

0.002 <0.02 0.009 <0.01 0.24 0.017 0.002 15.2

0.007 <0.02 0.031 0.02 0.29 0.013 0.002 14.9
-2.5

0.007 <0.02 0.031 0.02 0.23 0.017 0.001 15.4

0.011 <0.02 0.049 0.03 0.33 0.012 0.002 14.6
-3.0

0.011 <0.02 0.049 0.04 0.30 0.017 0.001 15.3

0.012 <0.02 0.053 0.06 0.25 0.013 0.001 14.4
-4.0

0.013 <0.02 0.058 0.05 0.29 0.017 0.001 15.3

0.012 <0.02 0.053 0.07 0.37 0.016 0.002 14.6
-5.0

0.013 <0.02 0.058 0.08 0.33 0.023 0.001 15.5
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Inorganic nitrogen (Table 3.14) increased with depth, although nitrite always 

remained below the minimum detectable concentration. Kjeldahl nitrogen also 

exhibited a general trend toward increasing concentration with depth. The 

concentration of Kjeldahl nitrogen was relatively high compared to the sum of the 

inorganic sources, suggesting that most of the nitrogen was organic.

Soluble reactive phosphorus was constantly low in concentration. Total phosphorus 

slightly decreased in concentration through the day in the upper 0.5 m, with a general 

increase in concentration through the day below this depth. The total phosphorus 

also had a trend o f increasing concentration with depth in the upper 1.0 m, but 

remained stable with depth below 1.0 m. Most of the billabong’s phosphorus was 

organic.

Soluble reactive silicon remained stable throughout the day, and exhibited no 

concentration changes with depth.
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3.2.2.5 SHADY CAMP BILLABONG -  NOVEMBER 1999

N o late afternoon sam pling w a s  p ossible  due to 
inclem ent w eather conditions (thunderstorm  with 

high  w ind  gusts).

Figure 3.26: Temporal pH profile of Shady Camp Billabong. Profile from November
1999.

N o late afternoon sam pling w a s p ossible  due to 
inclem ent w eather conditions (thunderstorm  with 

h igh  w ind gusts).

14:07h

Tem perature (°C)

Figure 3.25: Temporal temperature profile of Shady Camp Billabong. Profile from 
November 1999.

8:41 h
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N o late afternoon sam pling w as possib le  due to 
inclem ent w eather conditions (thunderstorm  with 

high w ind gusts).

D isso lved  O x y g e n  (m g L ' )

Figure 3.27: Temporal dissolved oxygen profile of Shady Camp Billabong. Profile 
from November 1999.
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S p ecific  C o n d u ctiv ity  (p S  c m 1)

Figure 3.28: Temporal specific conductivity profile of Shady Camp Billabong. Profile
from November 1999. The ‘linkage-line’ has been omitted due to poor fit with the data
points.
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Figure 3.29: Temporal turbidity profile of Shady Camp Billabong. Profile from 
November 1999. The ‘linkage-line’ has been omitted due to poor fit with the data 
points.
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Chlorophyll a (fig L  )

Figure 3.30: Temporal chlorophyll a profile of Shady Camp Billabong. Profile from
November 1999. The ‘linkage-line’ has been omitted due to poor fit with the data
points.

67



The temperature (Fig. 3.25) of the upper 3 m of the water column was stable in the 

midmorning (8:41 h) sampling (less than 0.5 °C range), but increased throughout the 

day (with the water nearest the surface having a higher rate of temperature increase). 

The water below 3 m depth exhibited a temperature decrease with increasing depth, 

but showed no major variation between the midmorning and early afternoon (14:07 

h) sampling times.

The pH (Fig. 3.26) of the midmorning billabong water was acidic for the entire water 

column. All water below 2 m depth remained acidic throughout the sampling period 

(up to 14:07 h). The water within 3 m of the surface increased in pH during the day, 

with the water nearer the surface increasing the most. The dissolved oxygen (Fig. 

3.27) profile closely matched the profile characteristics of the pH. W ater that was 

acidic had less than 4.25 mg of dissolved oxygen per litre of water.

Specific conductivity (Fig. 3.28) of the upper 1 m of the water column decreased 

during the day, with the water near the surface showing the greatest decrease. The 

water between 1 m and 2 m depth, and below 4 m depth, remained stable throughout 

the sampling period. The water between 2 m and 4 m depth experienced an increase 

in specific conductivity.

Turbidity (Fig. 3.29) of the upper 2 m of the billabong was relatively homogenous, 

and remained stable during the survey period. The turbidity of the water below 2 m 

increased with increasing depth.

Chlorophyll a (Fig. 3.30) increased from the water surface to a depth of between 0.75 

m and 1.00 m. Below this maximum the chlorophyll a declined with increasing 

depth to the bottom of the water column. There were no substantial changes in the 

chlorophyll a profile or concentrations during the survey period, except between the 

2 m and 3 m depths, where there was an increase in chlorophyll a concentration from 

midmorning to early afternoon.
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Table 3.15: Temporal chemical characteristics of Shady Camp Billabong. Parameters 
measured 9th November 1999. All chemical measurements are in mg L'1. The upper 
value was sampled at 8:42 h, and the lower value was sampled at 14:10 h. The 
missing values at the lowest depth are due to movement of the boat during the day 
(as a result of wind shifts), moving the boat over shallower water in the afternoon.

Depth

(m)

Nitrate + 

nitrate as 

N

Nitrite Nitrate Ammonia Kjeldahl

nitrogen

Total

P

Soluble

reactive

P

Soluble

reactive

silicon

0.002 <0.02 0.009 <0.01 0.65 0.033 0.008 2.1
0.0

0.001 <0.02 0.004 <0.01 0.53 0.024 0.005 2.0

0.001 <0.02 0.004 <0.01 0.65 0.037 0.006 2.2
-0.5

0.001 <0.02 0.004 <0.01 0.65 0.025 0.005 2.0

0.001 <0.02 0.004 <0.01 0.60 0.040 0.007 2.2
-1.0

0.001 <0.02 0.004 <0.01 0.58 0.027 0.006 2.0

0.001 <0.02 0.004 <0.01 0.64 0.037 0.007 2.2
-1.5

0.001 <0.02 0.004 <0.01 0.58 0.029 0.006 2.0

0.001 <0.02 0.004 <0.01 0.56 0.030 0.006 2.2
-2.0

0.001 <0.02 0.004 <0.01 0.59 0.030 0.006 2.2

0.002 <0.02 0.009 <0.01 0.60 0.031 0.006 2.3
-2.5

0.003 <0.02 0.013 <0.01 0.63 0.030 0.008 2.2

0.004 <0.02 0.018 0.03 0.58 0.028 0.009 2.5
-3.0

0.003 <0.02 0.013 0.05 0.59 0.032 0.007 2.3

0.006 <0.02 0.027 0.08 0.66 0.032 0.014 3.1
-4.0

0.005 <0.02 0.022 0.11 0.57 0.036 0.008 3.0

0.002 <0.02 0.009 0.24 0.78 0.086 0.012 3.9
-5.0
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Nitrite (Table 3.15) remained below the minimum detectable concentration 

throughout the day. W ith the exception of the morning surface sample (0.009 mg 

L"1), nitrate remained at 0.004 mg L"1 throughout the day within the upper 2.0 m of 

the water column. The water below 2.0 m depth had increased nitrate 

concentrations, with maximum concentrations at a depth of 4.0 m. Ammonia 

remained below the minimum detectable concentration in the upper 2.5 m of the 

water column. Below 2.5 m, ammonia increased with depth, and increased from 

morning to afternoon. Kjeldahl nitrogen remained constant within the water column 

with the exception of the deepest sample, which had a higher concentration. The 

relatively high Kjeldahl nitrogen concentration, compared to the inorganic nitrogen, 

shows that most of the nitrogen was organic.

Soluble reactive phosphorus decreased in concentration from morning to afternoon. 

The morning concentration increased with depth below 2.5 m. Total phosphorus

decreased in concentration from morning to afternoon in the upper 2.0 m, but

increased in concentration below 2.5 m depth. The highest total phosphorus

measurement was obtained from the deepest sample, and was more than twice as

high as any other measurement. Most of the phosphorus was organic.

Soluble reactive silicon showed no trend in concentration change between the 

morning and afternoon samples. There was, however, a trend of increasing 

concentration with depth.

Nitrogen, phosphorus, and silicon all had their highest concentrations at the lowest 

depth (5.0 m).
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3.2.2.6 DIURNAL LIGHT ENVIRONMENT FOR ALL 
BILLABONGS STUDIED

The light extinction coefficients and euphotic depths (Table 3.16 to Table 3.20) vary 

between the billabongs. Hardies Lagoon had the highest mean light extinction 

coefficient and the shallowest mean euphotic depth (2.32 m below the surface). 

Corroboree Billabong and Shady Camp Billabong (in November) both had the lowest 

mean light extinction coefficients, with Shady Camp Billabong (in November) 

having the lowest mean euphotic depth (at 3.70 m below the surface)

Shady Camp Billabong, the only billabong to be surveyed twice (at the beginning 

and end of the sampling months), experienced a decrease in mean light extinction 

coefficient and an increase in mean euphotic depth from September to November.

Table 3.16: Light extinction 
Billabong in September 1999.

coefficients and euphotic depths for Shady Camp

TIME -» 10:10 11:38 14:00 16:25
Light Extinction Coefficient 1.37 1.28 1.30 1.50
Euphotic Depth (m) -3.39 -3.56 -3.52 -3.06

Mean Std Err
Light Extinction Coefficient 1.36 0.050
Euphotic Depth (m) -3.38 0.114

Table 3.17: Light extinction coefficients and euphotic depths for Corroboree Billabong 
in September 1999.

TIME -» 08:50 11:15 14:30 15:40
Light Extinction Coefficient 1.29 1.19 1.15 1.41
Euphotic Depth (m) -3.54 -3.68 -3.89 -3.26

Mean Std Err
Light Extinction Coefficient 1.26 0.058
Euphotic Depth (m) -3.59 0.130
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Table 3.18: Light extinction coefficients and euphotic depths for Bridge Arm Billabong 
in October 1999.

TIME -» 08:40 10:55 14:25 17:15
Light Extinction Coefficient 1.79 1.41 1.35 1.75
Euphotic Depth (m) -2.67 -3.29 -3.36 -2.67

Mean Std Err
Light Extinction Coefficient 1.57 0.114
Euphotic Depth (m) -3.00 0.190

Table 3.19: Light extinction coefficients and euphotic depths for Hardies Lagoon in 
October 1999.

TIME -» 08:10 11:05 14:10 17:10
Light Extinction Coefficient 1.76 1.99 1.90 2.34
Euphotic Depth (m) -2.61 -2.30 -2.41 -1.97

Mean Std Err
Light Extinction Coefficient 2.00 0.123
Euphotic Depth (m) -2.32 0.132

Table 3.20: Light extinction coefficients and euphotic depths for Shady Camp
Billabong in November 1999.

TIME -> 09:50 10:58 14:54
Light Extinction Coefficient 1.28 1.22 1.28
Euphotic Depth (m) -3.61 -3.83 -3.67

Mean Std Err
Light Extinction Coefficient 1.26 0.021
Euphotic Depth (m) -3.70 0.066
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3.3 DISCUSSION

3.3.1 Temperature

Powell and Townsend (1997 p3) stated that the billabongs of the Mary River 

floodplain have a temperature range of 22°C to 38°C. The temperature 

measurements of this study were within this range; from 26.33°C at Shady Camp 

Billabong in September (Fig. 3.01) to 34.57°C at Hardies Lagoon in October (Fig. 

3.19). The measurements also agree with the median temperature of “about” 30°C 

found by Powell and Townsend (1997 p i4), which they stated was about twice that 

of the billabongs of southern Australia.

The water temperatures at the bottom of the billabongs changed little throughout the 

day. However, surface temperatures showed marked increases during the day, 

reaching a maximum by early afternoon, and maintaining this temperature through to 

the late afternoon sampling. Temperature stratification was most distinct in the 

midmorning sampling, when surface temperature was lowest. By mid-afternoon, 

there remained a temperature gradient from surface to bottom, but stratification was 

not as evident.

The minimum and maximum temperatures from the temporal surveys (Figs. 3.01- 

3.05) show a trend o f increasing temperatures during the study period, which 

corresponds to the warming climate as the dry season changed to the wet season. 

Hardies Lagoon (in October) had warmer surface waters than Shady Camp Billabong 

in November. This was probably a result of the higher turbidity trapping more 

sunlight near the w ater surface. Increasing occurrence of cloud cover, in November, 

may also have contributed to this result. The range of surface temperatures measured 

in the spatial surveys also showed an increasing trend over the study period, although 

this trend was not as evident as that of the temporal surveys.

3.3.2 pH

The pH of the billabongs remained stable in the deeper waters, but increased nearer 

the surface throughout the day. This increase was due to the daytime photosynthetic 

activity of phytoplankton. (Photosynthesis reduces dissolved CCL resulting in 

increased pH.) Corroboree Billabong spatial samples all had a pH of less than 7.0, 

but the temporal survey recorded pH values above 7.0. This is due to the spatial 

surveys being conducted from early morning to midday, whereas the temporal
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surveys were conducted throughout the day, finishing in the late afternoon. Site-2 of 

Hardies Lagoon (spatial survey) provided the highest pH measurement (mean = 7.38, 

SE = 0.003, n = 3), and Corroboree Billabong provided the lowest pH o f 6.13 

(measured at the bottom of the water column during the temporal survey).

3.3.3 Dissolved Oxygen

The dissolved oxygen profiles of the temporal surveys closely matched those of the 

pH profiles. The reason for this is that pH and dissolved oxygen are affected by the 

same factors. Dissolved oxygen and pH are influenced by phytoplankton density, 

light availability, and temperature.

As overnight respiration decreases the dissolved oxygen concentration, it also causes 

a decrease in pH. (Some of the released carbon dioxide contributes to increased 

concentrations of carbonic acid in an equilibrium reaction.) During the day, 

photosynthesis removes carbon dioxide from the water. This in turn causes a 

decrease in the carbonic acid, resulting in an increased pH. Photosynthesis, by the 

phytoplankton, also increases the dissolved oxygen concentration.

Water temperature also has a determining influence on the quantity of dissolved 

oxygen that water can hold. Increased temperatures also afford greater rates of 

respiration, due to increased metabolism of the billabong’s organisms. 

Consequently, there was a trend o f decreasing dissolved oxygen as the weather 

continued to warm-up during the study period, with the minimum dissolved oxygen 

concentration being measured at Shady Camp Billabong in November (0.02 mg CL 

L '1, at the bottom of the water column). The maximum dissolved oxygen 

concentration was measured at Corroboree Billabong in September (7.34 mg CL L"1) 

during the late afternoon survey.

Corroboree Billabong and Hardies Lagoon generally had higher dissolved oxygen 

concentrations than the other billabongs. Powell and Townsend (1997 p20) found 

that Bridge Arm Billabong and Hardies Lagoon had the highest dissolved oxygen 

concentrations in a previous study.

The dissolved oxygen of the epilimnion increased during the day. However, the 

dissolved oxygen of the hypolimnion was consistently low. The lack of 

photosynthetic activity in the hypolimnion, coupled with the high metabolism of the 

sediment bacteria (decomposing organic material), would have contributed to the 

paucity of CL in these bottom waters.
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3.3.4 Conductivity

The specific conductivities of Corroboree Billabong, Bridge Arm Billabong, and 

Hardies Lagoon were all low, with a maximum value for these billabongs of 102.9 

(iS cm '1 (mean value, SE = 2.79 pS cm '1, n = 3) at site-1 of Corroboree Billabong 

(surface water spatial survey). However, Shady Camp Billabong had much higher 

specific conductivities, with the November survey concentrations higher than those 

of September. The specific conductivity ranges of Shady Camp Billabong in 

September were from 178.0 pS cm '1 to 184.5 pS cm"1 for the temporal survey, and 

mean values from 179.5 pS cm"1 (SE = 0.81 pS cm"1, n = 3) to 197.6 pS cm 1 (SE = 

0.10 pS cm '1, n = 3) for the spatial survey. The increased specific conductivity of 

Shady Camp Billabong in November was from 391.0 pS cm"1 to 880 pS cm"1 for the 

temporal survey, and mean values from 271.0 pS cm"1 (SE = 0.00 pS cm ’1, n = 3) to 

516.7 pS cm"1 (SE = 0.33 pS cm"1, n = 3) for the spatial survey. Hart and McGregor 

(1980) measured surface specific conductivities from 21 pS cm"1 to 240 pS cm '1 for 

eight billabongs surveyed in the Magella Creek system (to the east of the Mary River 

floodplain system) during the build-up of late 1977 to early 1978. These values 

provide a range that encompasses all specific conductivities of the Mary River 

floodplain billabongs except for the high measurements of Shady Camp Billabong in 

November. Mukankomeje et al. (1993) consider a specific conductivity of 500 pS 

cm"1 high for freshwater systems, and both the spatial and temporal surveys of Shady 

Camp Billabong (in November) recorded measurements in excess of this value.

Much of the high specific conductivity of Shady Camp Billabong can be attributed to 

residual salts in the system, due to past occurrences of salt-water intrusion. 

However, this does not account for the dramatic rise in salinity between September 

and November. There was an increase in the turbidity of Shady Camp Billabong 

between September and November, and some of this may be the result o f erosion of 

the banks (which may contain residual salt). However, the turbidity increase in 

Shady Camp Billabong does not appear large enough to explain all of the salinity 

increase. Water concentration (due to evaporation) does not appear to be a major 

factor, as the billabong did not decrease in water depth over this period. The spatial 

survey of Shady Camp Billabong in September showed that specific conductivity 

was highest at the southern end, and decreased toward the north. (A barrage to 

prevent further salt-water intrusion has been constructed at the northern end). 

However, the increased salinity profile of the billabong in November shows that the 

highest specific conductivity existed at the northern end (the barrage end) and 

decreased toward the south. The increasing salinity appears to be driven by an influx 

of salt from the barrage end of the billabong. The higher bottom-water pressure of
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the seawater at high tide (seawater has a higher specific gravity than freshwater) may 

be forcing seawater through the soil below the barrage, into the freshwater side. 

Powell and Townsend (1997 p25) noted that Shady Camp Billabong increased in 

salinity during the dry season, but the increase was most evident at the southern end 

of the billabong. Their specific conductivities were much lower that that found at 

Shady Camp Billabong in this survey. This suggests that the greatly increasing 

salinity at the northern (barrage) end o f the billabong is a relatively new 

phenomenon.

Shady Camp Billabong in September showed a pattern o f decreasing specific 

conductivity with depth. This contrasts with the other billabongs, and Shady Camp 

Billabong in November, which had trends o f increasing salinity with depth. This 

contradictory-pattern for Shady Camp Billabong in September may be natural, as it 

was the only billabong sampled during the late dry season (the other billabongs were 

sampled during the build-up). A change to the pattern of increasing specific 

conductivity with depth may be an occurrence that takes place during the early build

up.

3.3.5 Turbidity

Turbidity was low to moderate in the billabongs, with the exception of Hardies 

Lagoon, which had high turbidity water flowing into the billabong from overnight 

rain. With the exception of Hardies Lagoon, and sites 1 and 2 of Corroboree 

Billabong, all surface turbidity measurements were less than 10 NTU. This is in 

contrast to the billabongs surveyed in the Magella Creek system by Hart and 

McGregor (1980), that often had high turbidities (one billabong had a Secchi depth 

of only 6 cm on two occasions). Using the conversion factor, as used by W alker and 

Tyler (1983 p i 7), for the Magella Creek system, the Secchi depths equate to euphotic 

depths ranging from 0.72 m to 2.96 m, which is less than the range of 0.82 m to 4.30 

m for the Mary River floodplain billabongs of this survey. The turbidities of this 

survey were, however, generally higher than the turbidities of Darwin River 

Reservoir and Manton River Reservoir to the west (see Townsend 1997 Fig. 3.1 (a) 

p32 and Fig. 3.2 (a) p33). Site-1 and site-2 of Corroboree Billabong were narrow 

and shallow, and had houseboat traffic passing through at the time of surveying, and 

this undoubtedly contributed to the turbidity measurements being above 10 NTU. 

Hardies Lagoon had recently experienced a rise in water level due to recent rains. 

The large influx of water, mostly via Hardies Creek at the southern end of the 

billabong, had brought in a lot o f sediment and organic matter (including leaves and 

cattle faecal material).
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Shady Camp Billabong showed no appreciable increase in surface turbidity from 

September to November, despite having received rain before the November sampling 

period. Shady Camp Billabong is surrounded by flat floodplain terrain, and water 

runoff into the billabong is not as great as that from the hilly terrain supplying 

Hardies Lagoon.

All billabongs had their lowest turbidities at the surface, with a decided increase with 

depth in the lower half of the w ater column. Settling particulate matter would have 

contributed to this phenomenon, as well as sediment disturbance from bottom 

currents.

3.3.6 Chlorophyll a

Surface mean chlorophyll a concentrations were less than 16 pg L 1 for all billabong 

sites (spatial survey). Only Corroboree Billabong (25.13 (Xg L"1) and Shady Camp 

Billabong in November (16.57 |Xg L '1) had maximum values exceeding 16 pg L"1, of 

chlorophyll a (these were below the surface during the temporal surveys). These 

chlorophyll a concentrations are within the 0.1 |ig L"1 to 97 |ig L"1 range measured 

by Powell and Townsend (1997 p40) for the Mary 'River floodplain billabongs. 

These concentrations are also within the 1 pg L '1 to 26 pg L' range found by Hart 

and McGregor (1980) for a survey of the M agella Creek system billabongs.

The maximum chlorophyll a values, during the temporal surveys, occurred at a depth 

between 1.0 m and 2.0 m during midmorning to mid-afternoon. This pattern was 

evident for all billabongs surveyed. There were probably two factors creating this 

pattern. Firstly, the high irradiances, coupled with low turbidities, may have created 

an environment where the irradiance, in the upper portion of the water column, was 

too high, creating a region o f photoinhibition. This would force motile 

phytoplankton to move down the water column to a region of relatively benign 

irradiance. Secondly, cyanobacteria prefer low irradiances, compared to algae, and 

manoeuvre toward the lower portion o f the euphotic zone. The concern with 

photoinhibition, was one of the reasons that the experimental component of this 

study (see Chapter 4) was carried out in the protective environment of a shadehouse.

The euphotic depths of the turbid Hardies Lagoon, had mean values ranging from 

0.82 m (SE = 0.018 m, n = 3) to 2.86 m (SE = 0.02 m, n = 3) for the spatial survey. 

All of the other billabongs had mean euphotic depths between 2.10 m and 4.30 m. 

The deep euphotic depths (except for Hardies Lagoon) was a result of low turbidity 

and low phytoplankton (measured as chlorophyll a) concentrations.
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3.3.7 Nutrients

3.3.7.1 Nitrogen

All nitrite analyses (for spatial and temporal samples) were below the minimum 

detectable concentration (<0.02 mg L '1). Nitrate concentrations ranged from below 

detectable concentrations (<0.004 mg L '1) to maximum concentrations below 0.065 

mg L with the exception of Hardies Lagoon site-6, where the nitrate concentration 

was 0.137 mg L 1 for all three replicates. Ammonia was always below 0.25 mg L '1 in 

concentration. Kjeldahl nitrogen ranged between 0.15 mg L"1 and 0.67 mg L"1 for 

spatial (surface) samples, and between 0.14 mg L '1 and 0.78 mg L '1 for temporal 

samples.

The inorganic forms of nitrogen contribute less than half of the total nitrogen. This 
agrees with the findings of Bootsma and Hecky (1993) for Lake Malawi, Lake 

Tanganyika, and Lake Victoria, in tropical Africa. This finding also agrees with 

Wetzel (1983 p253) who states that inorganic forms of nitrogen usually constitute 

less than half of the total nitrogen in freshwater systems.

3.3.7.2 Phosphorus

All samples had 0.015 mg L '1 of soluble reactive phosphorus or less. Spatial total 

phosphorus samples ranged from 0.010 mg L"1 to 0.059 mg L 1, and temporal total 

phosphorus samples ranged from 0.010 mg L '1 to 0.086 mg L '1. All samples (spatial 

and temporal) had SRP concentrations less than half that of the total phosphorus 

concentrations. Most of the phosphorus within the billabong system is organic.

3.3.7.3 Silicon

Shady Camp Billabong and Corroboree Billabong had low concentrations of soluble 

reactive silicon, with a maximum concentration of 5.0 mg L_l recorded. However, 

Bridge Arm Billabong had SRS values ranging from 15.4 mg L '1 to 16.9 mg L"1, and 

Hardies Lagoon had SRS concentrations ranging from 14.4 mg L '1 to 15.9 mg L"1. 

Therefore, any phytoplankton growth in Bridge Arm Billabong and Hardies Lagoon, 

from inputs of nitrogen and/or phosphorus, will have proportionately more diatoms 

than the phytoplankton of Shady Camp Billabong and Corroboree Billabong. 

Despite the higher values of SRS in Bridge Arm Billabong and Hardies Lagoon, all 

billabongs are considered to have a low SRS concentration.
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3.3.8 Status of the Mary River Floodplain Billabongs

The concentrations of nitrogen and phosphorus, in all forms, of the Mary River 

floodplain billabongs are considered low, and the floodplain billabongs are 

considered oligotrophic at the time of sampling. Although the early wet season rains 

create an influx of nutrients into the billabongs, the annual monsoon flood would 

undoubtedly dilute the nutrients, and provide a measure of flushing o f the billabong 

system. The dilution of nutrients during floods is a common phenomenon (Hillman 

1986). However, high nutrient loads from anthropogenic sources, especially after 

billabong water outflow had ceased, would create a situation where the billabongs 

would become eutrophic without any short-term flushing of the system.

As a result of increasing anthropogenic use of the land within the catchment of the 

Mary River floodplain, an analysis of the effects of nitrogen and phosphorus 

enrichment is a necessary part of floodplain management. There is no visible trend 

between chlorophyll a concentrations and the values and concentrations of the 

physical and chemical data prevents the analyses of limiting nutrients for the 

billabongs. Therefore, a series of bioassay experiments, with nitrogen and 

phosphorus additions, is the only effective means for determining the nutrient 

limitation status of the billabongs of the Mary River floodplain. The proactive 

approach of determining the response of the phytoplankton through experimentation 

is the major function of this project, and the results are presented in the next chapter. 

The physical and chemical characteristics of the sampled billabongs, covered in this 

chapter, are a necessary component of the experiment, as they describe the 

environmental conditions from which the water samples were collected.

All sites used for the collection of water for experimental purposes are considered 

representative of the billabong system. The representative status is consistent for all 

physical parameters, chemical concentrations, and chlorophyll a concentrations (the 

representative nature was determined from surface water samples of each billabong).
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C h a p t e r  4

A LABORATORY INVESTIGATION OF THE 
EFFECT OF NITROGEN AND PHOSPHORUS 

ENRICHMENT ON THE GROWTH OF 
PHYTOPLANKTON

4.1 INTRODUCTION

4.1.1 The Nutrients

If an increase in concentration of a solute leads to a corresponding increase in 

growth, then the solute is a nutrient (Clymo 1995).

Nitrogen and phosphorus are the two most important nutrients required for 

phytoplankton growth, although many trace elements are also required (Schindler 

1977; Powell and Townsend 1997 p36; Bulgakov and Levich 1999; Reynolds 1999). 

Silicon may also be a limiting nutrient for diatoms, as they require silicon for the 

development of their protective outer shell (Sullivan et al. 1988; Bulgakov and 

Levich 1999; Reynolds 1999). Silicon and trace elements are not usually limiting 

nutrients of natural water bodies, unlike nitrogen and phosphorus. Any limitation of 

silicon would only reduce the representation of diatoms in the phytoplankton 

assemblage, it would not limit the overall growth of the other phytoplankton species.

Stratification of the water body also results in nutrient loss from the biotic system, 

where nutrient precipitation removes essential nutrients from the euphotic zone 

(Bootsma and Hecky 1993). Taylor et al. (1990) have proposed two interconnected 

natural cycles which affect the availability o f nutrients for phytoplankton growth; 

seasonal shifts in the amount of nutrients within a system, and the dynamic shift of 

nutrients between available and unavailable states. Inter-annual cycles (such as diel 

cycles) may dominate seasonal cycles in shallow water bodies (Tailing 1986).

Sterner and Grover (1998) found that phytoplankton density can be higher than 

expected from nutrient analysis of a water body, if the phytoplankton had recently 

experienced a period of higher nutrient loads. This is obviously due to a response 

lag; the nutrient level must first become high before the phytoplankton community 

will react to the nutrient.
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The higher growth potential o f phytoplankton in warm tropical waters also creates a 

higher demand for nutrients, which results in a higher likelihood of nutrient 

limitation (Huszar and Reynolds 1997). Sterner and Grover (1998) found that when 

the water temperature of some warm-temperate lakes in North America exceeded 

22°C, nutrients became strongly limiting.

4.1.2 Nitrogen

In aquatic ecosystems, nitrogen occurs in many forms, including dissolved nitrogen 

(N 2 ), nitrite (N 0 2 ), nitrate ( N 0 3 ), and ammonium (N H J), and many organic 

compounds (Wetzel 1983 p223).

The rains of the wet season can provide a nutrient influx into the billabongs, with 

leaves, grasses, animal faecal matter, and dissolved nutrients being washed into the 

billabongs (Wetzel 1983 p223; Powell and Townsend 1997 p36). Nitrogen can also 

be obtained from groundwater inflow, rainfall, atmospheric (dry) fallout, and the 

fixing of molecular N2 within the system by cyanobacteria (Wetzel 1983 p223; 

Falconer 1998). Nitrate is the most common form of nitrogen entering billabongs 

and lakes (Wetzel 1983 p253). Cyanobacterial fixation of N2 usually accounts for 

most of the bacterial fixation (Wetzel 1983 p252). Leachate of decomposing foliage 

of leguminous plants can be a rich source of nitrogen for aquatic systems (Wetzel 

1983 p231), and many plants of northern Australia are members of the nitrogen- 

fixing Mimosaceae; the most obvious being Acacia.

Nitrogen can be lost from the system by reduction of N 0 3 to N2 by bacterial 

denitrification (with subsequent return of N2 to the atmosphere), permanent loss of 

organic and inorganic nitrogen compounds to the sediments, and water outflow after 

the wet season rains have stopped (Wetzel 1983 p223). Unusable organic nitrogen 

often accounts for most of the total dissolved nitrogen within a water body, some of 

which is resistant to rapid breakdown by bacteria (Wetzel 1983 p232).

While phosphorus is the nutrient most commonly limiting phytoplankton production 

in temperate lakes (Schindler 1977; Anton et al. 1995), many investigators have 

found nitrogen to be the nutrient most often limiting in tropical and subtropical lakes 

(Melack et al. 1982; Bootsma and Hecky 1993; Carignan and Planas 1994; Anton et 

al. 1995). Many investigators of tropical freshwaters in Africa, South America, and 

South East Asia, have found lakes and reservoirs to be nitrogen limited (see Tailing 

1966; Moss 1969; Robarts and Southall 1977; Melack et al. 1982; Henry et al. 1984; 

Vincent et al. 1984; Liti et al. 1991; Lehman and Branstrator 1994; Anton et al. 

1995; Huszar and Reynolds 1997). Nitrogen was also found to be the most limiting



nutrient in surveys of some freshwater lakes in subtropical South Africa (Toerien and 

Steyn 1975) and warm-temperate North America (Sterner and Grover 1998; Grover 

et al. 1999). Although nitrogen is the most commonly limiting nutrient in tropical 

lakes, it is not a rule, as phosphorus-limitation has been reported from water bodies 

in Africa (Toerien and Steyn 1975; Melack et al. 1982; Kalff 1983) and northern 

Australia (Townsend 1997 p i 13; Townsend 2000).

4.1.3 Phosphorus

Phytoplankton require phosphorus in the form of dissolved orthophosphate ions 

( PO^- ) (Wetzel 1983 p255, p295; Reynolds 1999). Wetzel (1983 p257) estimates 

that less than five percent of the total phosphorus load o f a natural water body will be 

in the form of orthophosphate. Phosphorus compounds are major components of 

most phases of phytoplankton metabolism, particularly during photosynthesis 

(Wetzel 1983 p274-275). The phytoplankton must compete with macrophytes and 

bacteria for the phosphorus resource within the water body. If the organic nutrient 

requirements of bacteria are readily available, then the competition between the 

bacteria and the phytoplankton may result in a reduction of the phytoplankton 

population (Wetzel 1983 p297). When phosphorus is added to oligotrophic 

environments, there is usually a rapid increase in phytoplankton productivity, 

however, this input must be continuous for higher phytoplankton populations to be 

sustained (Wetzel 1983 p297):

The cyclic exchange of phosphorus between the sediment and water is a major factor 

in the phosphorus budget of lakes, and sediment disturbance can be a major source of 

nutrient enrichment of the overlying water column (W etzel 1983 p258; Haynes et al. 

1994; Robarts et al. 1998). Not all of the phosphorus settling to the sediment is 

recycled to the water column; there is a net movement of phosphorus to the 

sediments (Viner 1977; Wetzel 1983 p258). Sediment phosphorus sources are 

derived from settled particulate phosphorus, which is organic, and phosphate 

attached to the surface of influent soil particles (Holtan et al. 1988). The release of 

phosphorus bound to sediments requires bacterial metabolism (usually in anaerobic 

conditions), that releases the phosphorus in the inorganic orthophosphate form, often 

referred to as soluble reactive phosphorus, or SRP (W etzel 1983 p295; Gachter et al. 

1988; Powell and Townsend 1997 p36; Mitchell and Baldwin 1998). The bacterial 

decomposition of organic and complex inorganic compounds, resulting in 

orthophosphate release, occurs at the water-sediment interface (Gachter et al. 1988).
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Lake managers generally control eutrophication by controlling phosphorus inputs 

into the system (Smith and Shapiro 1981; Hecky and Kilham 1988; Carpenter et al. 

1999). Overland water flow can be a major vector to phosphorus influx into aquatic 

ecosystems (Wetzel 1983 p281). In monsoonal northern Australia, the largest influx 

of phosphorus occurs with water inflow during the wet season, where water can 

bring in phosphorus from topsoil erosion, fertilisers, animal faecal matter, detergents, 

and cattle feed lots (Powell and Townsend 1997 p36). Dry phosphorus in dust form, 

from soil erosion and anthropogenic atmospheric pollution, can precipitate onto 

water bodies (Wetzel 1983 p280).

4.1.4 Purpose of the Experiments

Water quality becomes degraded as a result of unnaturally high phytoplankton 

density, and species diversity usually decreases, with only a few species accounting 

for the majority of the phytoplankton population (Wood 1975 p47). Plant nutrients 

are of a higher concentration in eutrophic waters than they are in oligotrophic waters, 

which is the result of increased nutrient addition and/or retention (Wood 1975 p45). 

Increased phytoplankton density is the main indicator of lake eutrophication (Anton 

1994).

The aim of the experimental component of this study is the determination of nutrient 

limitation status of the billabongs of the Mary River floodplain, with respect to 

nitrogen and phosphorus. They were to be assessed nitrogen-limited, phosphorus- 

limited, co-limited, or non-limited (with respect to nitrogen and phosphorus).

All billabongs of the Mary River floodplain are oligotrophic, and are likely to react 

more vigorously to nutrient inputs than water bodies that are naturally mesotrophic 

or eutrophic. Therefore, the reaction of the resident phytoplankton to unnatural 

inputs of nitrogen and phosphorus is regarded as important knowledge for the future 

management of the floodplain system. O f prime significance is any billabong that 

may be phosphorus limited or co-limited for nitrogen and phosphorus, as they are the 

billabongs most likely to react to anthropogenic nutrient inputs.
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4.2 RESULTS

4.2.1 Experimental Results

Figure 4.01 to 4.05 show the results of laboratory experiments in which the growth 

of phytoplankton of billabong waters, in terms of chlorophyll a, was measured in 

response to additions of nitrogen, phosphorus, and combined nitrogen and 

phosphorus. Figure 4.01 to 4.05 are arranged in chronological order of 

experimentation. (Shady Camp Billabong water collected 14th September, 

Corroboree Billabong water collected 21M September, Bridge Arm Billabong water 

collected 13th October, Hardies Lagoon water collected 27th October, and Shady 

Camp Billabong water collected 10th November.) Corroboree Billabong (Fig. 4.02), 

Bridge Arm Billabong (Fig. 4.03), and Hardies Lagoon (Fig. 4.04) show an increase 

in chlorophyll a of treatments, relative to the control, during the four days following 

addition of nitrogen and phosphorus. However, Shady Camp Billabong in both 

September (Fig. 4.01) and November (Fig. 4.05) showed an increase in chlorophyll a 

during the first three days (following addition of nitrogen and phosphorus), but then 

there was a decline in chlorophyll a from day 3 to day 4. Because of this, the highest 

chlorophyll a values (e.g., day 3 for Figs, 4.01 and 4.05, and day 4 for Figs. 4.02 to

4.04) were used for comparison between treatments by the multiple regression and 

ANOVA analyses.

The decline in chlorophyll a concentration at Shady Camp Billabong may be due to 

grazing of resident zooplankton, which increase over the first three days of the 

experiment. The decrease may also be due to nutrient depletion, but this is unlikely 

as the phytoplankton population within the September experiment had the lowest 

maximum experimental concentrations of all the experiments. A successional 

change in assemblage, within the phytoplankton community, may also account for 

the decrease, as cyanobacteria may be releasing toxins into the experimental 

containers. However, this also seems unlikely, as the only measured physical or 

chemical param eter that was obviously different at Shady Camp Billabong 

(compared to the other billabongs) was the higher specific conductivity, and it seems 

unlikely that this would have favoured cyanobacteria of higher potency than those 

resident in the other billabongs. Despite the different possibilities, the reason for the 

decline in chlorophyll a concentrations in experimental water collected from Shady 

Camp Billabong is unknown.
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Chlorophyll a did not increase exponentially for all treatments (see Figs. 4.01 to

4.05). This deviation from exponential increase was more evident in the lowest and 

intermediate concentrations, and probably resulted from nutrient depletion during the 

experiment. However, the exponential growth found in the combined treatment 

(N+P) for the highest nitrogen and phosphorus concentration values shows that the 

concentration values selected for the experiment were adequate with respect to 

determining the limitation status of the billabongs. Grazing by zooplankton probably 

had an affect upon phytoplankton growth, but this was probably minor, as the highest 

combined treatments for Corroboree Billabong (Fig. 4.02) and Bridge Arm Billabong 

(Fig. 4.03) had strong exponential growth, suggesting that zooplankton grazing was 

minimal in the experimental containers.

Shady Camp Billabong (in September) had the largest increase in chlorophyll a 

concentration over the four days of the experiment, with a 439% increase in the mean 

value of the N3P3 treatment (day-4 o f Fig. 4.02 versus site-5 of Table 3.02). Bridge 

Arm Billabong had a 179% increase for the N3P3 treatment (day-4 of Fig. 4.03 

versus site-5 of Table 3.03), and Hardies Lagoon had an 88% increase for the N3P3 

treatment (day-4 of Fig. 4.04 versus site-5 of Table 3.04). Shady Camp Billabong 

showed a maximum chlorophyll a increase (of treatment N3P3) of 121% (over the 

billabong concentration) on day three of the experiment for September (day-3 of Fig.

4.01 versus site-5 of Table 3.01), and an increase of 241% for day three of November 

experiment (day-3 of Fig. 4.05 versus site-5 of Table 3.05). Corroboree Billabong 

had the highest response to the enrichment treatments, and is almost double the 

magnitude of response of the second highest chlorophyll a concentration increase 

(Shady Camp Billabong in November).
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Figure 4.01: Mean daily chlorophyll a values for treatment regimes of Shady Camp 
Billabong water. Water collected in September 1999. For clarity of presentation, 
standard errors are not included. Standard errors ranged from 1.21% (N3P3 Day 4) to 
21.06% (Control Day 1) of the mean values. Mean values and standard errors can be 
found in Appendix 3.
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Figure 4.02: Mean daily chlorophyll a values for treatment regimes of Corroboree 
Billabong water. Water collected in September 1999. For clarity of presentation, 
standard errors are not included. Standard errors ranged from 0.42% (N3P3 Day 2) to 
15.41% (P3 Day 4). Mean values and standard errors can be found in Appendix 3.
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Figure 4.03: Mean daily chlorophyll a values for treatment regimes of Bridge Arm 
Billabong water. Water collected in October 1999. For clarity of presentation, 
standard errors are not included. Standard errors ranged from 0.45% (N1 Day 3) to 
8.13% (Control Day 4) of the mean value. Mean values and standard errors can be 
found in Appendix 3.

D ay

Figure 4.04: Mean daily chlorophyll a values for treatment regimes of Hardies Lagoon 
water. Water collected in October 1999. For clarity of presentation, standard errors 
are not included. Standard errors ranged from 0.21% (N1P1 Day 2) to 7.08% (N2P2 
Day 4). Mean values and standard errors can be found in Appendix 3.
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Figure 4.05: Mean daily chlorophyll a values for treatment regimes of Shady Camp 
Billabong water. Water collected in November 1999. For clarity of presentation, 
standard errors are not included. Standard errors ranged from 1.23% (N2 Day 2) to 
41.03% (N3P3 Day 4) including outlier (see section 4.2.2.1 for an explanation). 
However, if the outlier-containing treatment of N3P3 is removed, the highest standard 
error is 21.54% (N1 Day 4) of the mean values. Mean values and standard errors can 
be found in Appendix 3.
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4.2.2 Limiting Nutrient Analyses

4.2.2.1 Effect of Location

The chlorophyll a concentrations of each of the treatments for the experiments 

(Figures 4.06 to 4.10) show close association between the replicate values. This 

finding indicates that there was no difference between the light regime of the 

experimental containers; as the three replicates were distributed between the three 

strata within the single holding tray. (Due to space constraints, within the 

shadehouse, only one holding tray was used for experimentation. The strata were 

assigned an east, west, and central region to test whether there was any effect upon 

experimentation due to the solar azimuth.) Therefore, location within the 

experimental holding tray was not considered an influential factor toward 

phytoplankton growth. Consequently, location was excluded from the multiple 

linear regression analyses of the experimental data (sections 4.2.2.2 to 4.2.2.6).

There was one anomaly with the chlorophyll a concentrations for the experiment on 

water collected from Shady Camp Billabong in November. A single replicate of the 

highest concentration of the combined treatment (N3P3) suddenly decreased after the 

second day (after having similar chlorophyll a concentrations for the first two days). 

The reason for this sudden decrease is unknown, but is assumed to be the result of 
contamination; the replicate was adjacent to the edge of the holding tray (see 

Appendix 1 Fig. A 1.05). This outlier was omitted in all statistical analyses.
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Figure 4.06: Experimental chlorophyll a concentrations for Shady Camp Billabong. 
Water collected in September 1999. The data from Day-3 of the experiment was used 
for this graph, as Day-3 had the greatest range of chlorophyll a values.

Figure 4.07: Experimental chlorophyll a concentrations for Corroboree Billabong. 
Water collected in September 1999. The data from Day-4 of the experiment was used 
for this graph, as Day-4 had the greatest range of chlorophyll a values.
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Figure 4.08: Experimental chlorophyll a concentrations for Bridge Arm Billabong. 
Water collected in October 1999. The data from Day-4 of the experiment was used for 
this graph, as Day-4 had the greatest range of chlorophyll a values.

Figure 4.09: Experimental chlorophyll a concentrations for Hardies Lagoon. Water 
collected in October 1999. The data from Day-4 of the experiment was used for this 
graph, as Day-4 had the greatest range of chlorophyll a values.
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Figure 4.10: Experimental chlorophyll a concentrations for Shady Camp Billabong. 
Water collected in November 1999. The data from Day-3 of the experiment was used 
for this graph, as Day-3 had the greatest range of chlorophyll a values.

4.2.2.2 Shady Camp Billabong -  September 1999

Multiple linear regression analysis (Table 4.01) determined that nitrogen (p>0.50) 

and phosphorus (p>0.05) were not significant as individual nutrients, at the 

concentrations used, but were significant (p<0.001) when combined (multiplicative 

interaction). Therefore, Shady Camp Billabong (in September) is regarded as co- 

limiting (for nitrogen and phosphorus).

Table 4.01: Multiple linear regression analysis of nutrient and chlorophyll a 
interactions for experimental water collected from Shady Camp Billabong in 
September 1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.802
F(3,26)=35.148 pcO.OOO Standard Error of Estimate: 1.125

n=30

Coefficient Coefficient 
Standard Error

p-level

Intercept 6.811 0.382 0.000
N 0.000 0.004 0.931
P 0.026 0.015 0.089
NxP 0.001 0.000 0.000
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Multiple linear regression analysis (Table 4.02) determined that nitrogen was not a 

limiting factor within Corroboree Billabong (p>0.1). The billabong is described as 

phosphorus limiting, as the phosphorus (p<0.001) and nitrogen-phosphorus 

interaction (p<0.001) were both significant. (The phosphorus probability was 

actually less than 0.001, but is shown as equal to 0.001 in Table 4.02 due to the 

rounding to three decimal places.) The r2 value for the multiple linear regression 

analysis was 0.964.

4.2.2.3 Corroboree Billabong -  September 1999

Table 4.02: Multiple linear regression analysis of nutrient and chlorophyll a 
interactions for experimental water collected from Corroboree Billabong in September 
1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.964
F(3,26)=234.92 pcO.OOO Standard Error of Estimate: 1.388

n=30

Coefficient Coefficient 
Standard Error

p-level

Intercept 6.173 0.471 0.000
N 0.006 0.005 0.194
P 0.071 0.018 0.001
NxP 0.002 0.000 0.000

The non-significant element of the experimental multiple linear regression analysis,

the nitrogen-only effect, was then omitted, and a further multiple linear regression 

analysis performed to determine the relative importance of the phosphorus effect and 

the combined NxP interaction (see Table 4.03). The coefficient for the phosphorus 

effect is 30.75 times greater than the coefficient for the combined (NxP) interaction. 

This shows the relative importance of the phosphorus in the nutrient limitation of 

Corroboree Billabong. The r2 value for this multiple linear regression analysis was 

0.962, which is only 0.002 less than the multiple linear regression analysis that 

included the nitrogen effect, which also highlights the lesser importance of nitrogen 

in the nutrient limitation of Corroboree Billabong.

Table 4.03: Modified multiple linear regression analysis of limiting nutrients upon 
chlorophyll a in experimental water collected from Corroboree Billabong in September 
1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.962
F(2,27)=341.65 p<0.000 Standard Error of Estimate: 1.408

n=30

Coefficient Coefficient 
Standard Error

p-level

Intercept 6.597 0.353 0.000
P 0.061 0.017 0.001
NxP 0.002 0.000 0.000
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Multiple linear regression analysis of the Bridge Arm Billabong (Table 4.04) 

experimental data determined that the billabong was nitrogen limiting, as phosphorus 

was not significant (p>0.10), but nitrogen (p<0.01) and the nitrogen-phosphorus 

interaction (p<0.001) were both significant. The r2 value for the multiple linear 

regression analysis was 0.959.

4.2.2.4 Bridge Arm Billabong -  October 1999

Table 4.04: Multiple linear regression analysis of nutrient and chlorophyll a 
interactions for experimental water collected from Bridge Arm Billabong in October 
1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.959
F(3,26)=202.10 p<0.000 Standard Error of Estimate: 1.213

n=30

Coefficient Coefficient 
Standard Error

p-level

Intercept 6.815 0.412 0.000
N 0.012 0.004 0.008
P -0.021 0.016 0.205
NxP 0.002 0.000 0.000

The non-significant phosphorus-only effect was then removed from the analysis, and

a further multiple linear regression analysis performed to determine the relative 

importance between the nitrogen-only effect and the combined (NxP) interaction (see 

Table 4.05). The coefficient for the nitrogen effect is 9.12 times greater than the 

coefficient for the combined (NxP) interaction. This shows the relative importance 

of the nitrogen in the nutrient limitation of Bridge Arm Billabong. The r2 value for 

this ‘significant effects only’ multiple linear regression analysis is 0.956, which is 

only 0.003 less than the analysis that included the phosphorus-only effect. This 

further highlights the relative unimportance on phosphorus in the nutrient limitation 

of the phytoplankton of Bridge Arm Billabong.

Table 4.05: Modified multiple linear regression analysis of limiting nutrients upon 
chlorophyll a in experimental water collected from Bridge Arm Billabong in October 
1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.956
F(2,27)=294.76 p<0.000 Standard Error of Estimate: 1.228

n=30

Coefficient Coefficient 
Standard Error

p-level

Intercept 6.440 0.298 0.000
N 0.014 0.004 0.001
NxP 0.002 0.000 0.000
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The multiple linear regression analysis of Hardies Lagoon (Table 4.06) determined 

that phosphorus was not a limiting factor (p>0.50). The analysis did determine that 

nitrogen was a limiting factor, with nitrogen (p<0.001) and the nitrogen-phosphorus 

interaction (p<0.001) returning significant results. The r2 value for the multiple 

linear regression analysis was 0.957.

4.2.2.5 Hardies Lagoon -  October 1999

Table 4.06: Multiple linear regression analysis of nutrient and chlorophyll a 
interactions for experimental water collected from Hardies Lagoon in October 1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.957
F(3,26)=193.88 p<0.000 Standard Error of Estimate: 0.911

n=30

Coefficient Coefficient 
Standard Error

p-level

Intercept 5.985 0.309 0.000
N 0.016 0.003 0.000
P 0.002 0.012 0.880
NxP 0.001 0.000 0.000

The phosphorus-only effect, which was the only non-significant effect of the

multiple linear regression analysis, was removed, and a further multiple linear 

regression analysis performed. The coefficient for the nitrogen effect (Table 4.07) is 

14.70 times greater than the coefficient for the combined (NxP) interaction. This 

shows the relative importance of the nitrogen, compared to the phosphorus, in 

limiting the phytoplankton growth. The r value for the ‘significant effects only’ 

multiple linear regression analysis is 0.957, which is the same (to three significant 

figures) as the multiple linear regression analysis including the phosphorus effect. 

This also indicates the relative lesser importance of the phosphorus to the limitation 

of the phytoplankton in Hardies Lagoon.

Table 4.07: Modified multiple linear regression analysis of limiting nutrients upon 
chlorophyll a in experimental water collected from Hardies Lagoon in October 1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.957
F(2,27)=301.72 p<0.000 Standard Error of Estimate: 0.895

n=30

Coefficient Coefficient 
Standard Error

p-level

Intercept 6.018 0.217 0.000
N 0.015 0.003 0.000
NxP 0.001 0.000 0.000
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The multiple linear regression analysis (Table 4.08), with the outlier removed, 

determined that Shady Camp Billabong (during November) was nitrogen limited, as 

nitrogen (p<0.05) and the nitrogen-phosphorus interaction (p<0.001) were 

significant, while the phosphorus effect (p>0.10) was not significant. The r2 value 

for the multiple linear regression analysis was 0.938.

4 .2 .1.6 Shady Camp Billabong -  November 1999

Table 4.08: Multiple linear regression analysis of nutrient and chlorophyll a 
interactions for experimental water collected from Shady Camp Billabong in 
November 1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.938
F(3,25)=126.55 pcO.OOO Standard Error of Estimate: 3.265

n=29

Coefficient Coefficient 
Standard Error

p-level

Intercept 8.960 1.109 0.000
N 0.030 0.011 0.011
P -0.042 0.043 0.341
NxP 0.004 0.000 0.000

The non-significant phosphorus-only effect was removed from the analysis, and

another multiple linear regression analysis performed (Table 4.09). The coefficient 

for the nitrogen effect was 9.03 times greater in magnitude than the coefficient for 

the combined (NxP) interaction. This result shows the relative importance of the 

nitrogen effect over the phosphorus effect, in limiting phytoplankton growth. The r2 

value for the ‘significant effects only’ multiple linear regression analysis was 0.936, 

which is only 0.002 less than the analysis that included the phosphorus-only effect. 

This also confirms the relative importance o f the nitrogen over the phosphorus, as the 

omission of the phosphorus effect had a minimal affect upon the r2 value.

Table 4.09: Modified multiple linear regression analysis of limiting nutrients upon 
chlorophyll a in experimental water collected from Shady Camp Billabong in 
November 1999.

Regression Summary for Dependent Variable: Chlorophyll a 
r2= 0.936
F(2,26)=189.77 p<0.000 Standard Error of Estimate: 3.261

n=29

Coefficient Coefficient 
Standard Error

p-level

Intercept 8.206 0.791 0.000
N 0.035 0.010 0.002
NxP 0.004 0.000 0.000
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4.2.3 Relative Performances of Individual Treatments

Mean chlorophyll a values (from the days determined in section 4.2.1) were analysed 

for significant differences between treatments by ANOVA. Homoscedasticity was 

checked by use of Cochrans C-test. All ANOVA tests were significant (see 

Appendix 4). Post hoc significant differences were determined with Tukey’s HSD 

multiple comparisons procedure. The Tukey HSD tests can be found in Appendix 4, 

accompanying the corresponding ANOVA.

Tables 4.10 to 4.14 show the treatments sorted into equivalent and significantly 

different groupings. Treatment N2P2 always occupied the second-highest position, 

relative to mean chlorophyll a values, and treatment N3P3 always occupied the 

highest position. This showed that there was a significant difference between the 

concentrations of the combined (N+P) treatments. With the 200 pg N L"1 and 50 pg 

P L"1 (N3P3) producing significantly higher phytoplankton growth than the 100 pg N 

L"1 and 30 pg P L’1 (N2P2), which in turn produced significantly higher 

phytoplankton growth than the 30 pg N L"1 and 10 pg P L"1 (N1P1).

Table 4.10 (Shady Camp Billabong in September) and Table 4.11 (Corroboree 

Billabong in September) clearly show that the N2P2 and N3P3 treatments were the 

only treatments to produce significantly higher phytoplankton growth than the 

control treatment. The N3P3 treatment also produced significantly higher 

phytoplankton growth than the N2P2 treatment. This result shows that no single 

nutrient (either nitrogen or phosphorus) treatment produced significant 

phytoplankton growth. The combined treatments (N2P2 and N3P3) only produced 

significant phytoplankton growth when the additional concentration of nitrogen was 
100 pg L"1 and over, and the additional concentration of phosphorus was 30 pg L"1 

and over.

Table 4.10 shows N1 = PI = Control = N3 = N2 = P3 = P2 = N1P1 < N2P2 < N3P3. 

These are significant differences determined at the 0.05 level of significance.

97



Table 4.10: Shady Camp Billabong (September) chlorophyll a significance.
Differences determined by Tukey HSD test.

Equivalent values Equivalent values Equivalent values

Treatment Mean < Treatment Mean < Treatment Mean 
N1 6 .4 1 N2P2 10.84 N3P3 13.50
PI 6.52

Control 6.54
N3 6.54
N2 6.79
P3 7.54
P2 7.70

N1P1 8.38

Table 4.11: Corroboree Billabong (September) chlorophyll a significance. Differences 
determined by Tukey HSD test.

Equivalent values Equivalent values Equivalent values

Treatment Mean < Treatment Mean < Treatment Mean 
Control 5.20 N2P2 15.50 N3P3 28.92

N 1 6.60
PI 6.84
N3 6.89
N2 7.16
P2 7.78

N1P1 8.55
P3 9.59

Table 4.12 (Bridge Arm Billabong in October) and Table 4.13 (Hardies Lagoon in 

October) show that all nitrogen addition experiments produced significantly higher 

phytoplankton growth than the control experiments, with the exception o f the N1P1 

treatment for Hardies Lagoon (see Table 4.13). The phosphorus-only treatments did 

not produce significant phytoplankton growth over that of the control in either of the 

experiments of Table 4.12 and Table 4.13. The N2P2 and N3P3 treatments were 

significantly higher in phytoplankton growth responses that the other treatments, 

with the N3P3 treatments being significantly higher than that of the N2P2 treatments.
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Table 4.12: Bridge Arm Billabong (October) chlorophyll a significance. Differences
determined by Tukey HSD test.

Equivalent values Equivalent values Equivalent values Equivalent values

Treatment Mean < Treatment Mean < Treatment Mean < Treatment Mean
PI 2.33 N l 2.81 N2P2 3.81 N3P3 4.92
P3 2.36 N IP l 2.84
P2 2.38 N3 2.87

Control 2.48 N2 2.94

Table 4.13: Hardies Lagoon (October) chlorophyll a significance. Differences 
determined by Tukey HSD test.

Equivalent values Equivalent values Equivalent values Equivalent values

Treatment Mean < Treatment Mean < Treatment Mean < Treatment Mean
PI 5.22 N l 7.54 N2P2 11.44 N3P3 19.40

Control 5.56 N2 8.43
P2 5.72 N3 8.43
P3 6.29

N IP l 6.30

The experimental Shady Camp Billabong (in November) water (see Table 4.14) 

exhibited significant phytoplankton growth for nitrogen-only and N+P treatments 

when the additional concentration of nitrogen was 100 (ig L '1 and over, and the 

additional concentration of phosphorus was 30 |Xg L"1 and over. No phosphorus-only 

treatment resulted in significant phytoplankton growth above that of the control.

Table 4.14: Shady Camp Billabong (November) chlorophyll a significance. Differences 
determined by Tukey HSD test.

Equivalent values Equivalent values Equivalent values

Treatment Mean < Treatment Mean < Treatment Mean
P2 2.73 N3 3.74 N3P3 7.56

Control 2.82 N2 4.06
P3 2.94 N2P2 4.14
PI 2.99
Nl 3.09

N IP l 3.24
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4.3 DISCUSSION

The general trend of the M ary River floodplain billabongs is one of nitrogen 

limitation, but this is not a rule, as Shady Camp Billabong was co-limited (for 

nitrogen and phosphorus) in September, and Corroboree Billabong was phosphorus 

limited in September. This general trend o f nitrogen limitation corresponds with 

Tailing (1966), Moss (1969), Robarts and Southall (1977), Melack et al. (1982), 

Henry et al. (1984), Vincent et al. (1984), Liti et al. (1991), Carignan and Planas

(1994), Lehman and Branstrator (1994), Anton et al. (1995), and Huszar and 

Reynolds (1997) for tropical w ater bodies. This finding also agrees with Toerien and 

Steyn (1975), Carignan and Planas (1994), Sterner and Grover (1998), and Grover et 

al. (1999) for subtropical/warm-temperate water bodies. The general nitrogen- 
limitation status of the Mary River floodplain billabongs contrasts with the general 

phosphorus limitation of natural water bodies for temperate regions (Schindler 1977; 

Anton et al. 1995).

Shady Camp Billabong in September was co-limiting for nitrogen and phosphorus, 

as neither nutrient produced significant growth without the other nutrient being 

present. The significance of the growth limitation was only evident when the 

treatment nitrogen concentration was 100 pg L '1 and over (of added nutrient), and the 

accompanying added phosphorus concentration was 30 (ig L '1 and over. The finding 

that no individual nutrient treatment had significantly higher chlorophyll a 

concentrations than the control treatment shows the high reliance of each nutrient 

upon the other for algal growth. The multiple linear regression analysis probability 

(see Table 4.01) of the phosphorus effect is markedly lower than that of the nitrogen 

effect. This suggests that phosphorus had a greater limiting influence than nitrogen 

within the co-limitation status (although both the individual phosphorus and nitrogen 

effects were not significant). This is further backed by the coefficient for the 

phosphorus effect being some 78 times greater in magnitude than the coefficient for 

the nitrogen effect.

Corroboree Billabong was the only billabong studied that was phosphorus limited. 

However, the highest chlorophyll a values measured were for the combined nitrogen 

and phosphorus treatments, when nitrogen was 100 |ig L"1 and over, and phosphorus 

was 30 |ig L 1 and over, as determined by ANOVA. Therefore, while Corroboree 

Billabong was phosphorus limited (p<0.001), there was a significant interaction 

between the nitrogen and phosphorus (p<0.001) which suggests that a synergistic 

effect was occurring between the two nutrients. Since all single nutrient treatments
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(N or P), and the lowest concentration of the combined treatments, were not 

significantly higher than the control treatment, the limiting phosphorus had a strong 

reliance on the presence of nitrogen (of 30 pg L"1 or over) for significant algal 

growth (despite nitrogen being a non-limiting nutrient). This suggests that the 

phosphorus is only slightly (although significantly) more depauperate than nitrogen, 

and after the addition of only a small concentration of phosphorus, additional 

nitrogen is required for further phytoplankton growth.

Bridge Arm Billabong, which was studied in October 1999, was nitrogen limited. 

All phosphorus-only treatments failed to provide significantly higher values of 

chlorophyll a than that of the control, which confirms the nitrogen-limiting status of 

Bridge Arm Billabong. There was, however, a synergistic effect between the 

nitrogen and phosphorus, as shown by the significantly higher chlorophyll a 

measurement for the nitrogen and phosphorus treatments. The significantly higher 

chlorophyll a only existed for nitrogen concentrations of 100 pg L '1 and over and 

phosphorus concentrations of 30 pg L"1 and over. The lowest combined nitrogen and 

phosphorus treatment did produce significant algal growth over the control treatment, 

but this was not significantly higher than that measured for the nitrogen-only 

treatments.

Hardies Lagoon was sampled in late October 1999, after the storms of the early wet 

season had started. The billabong was nitrogen limited, with a significant interaction 

between the nitrogen and phosphorus producing a synergistic effect. Significantly 

different chlorophyll a values were only evident when the added nitrogen 

concentration was 100 pg L 1 and over, and the added phosphorus concentration was 

30 pg L '1 and over. No phosphorus-only treatment was significantly higher in 

chlorophyll a concentration than the control treatment, which supports the nitrogen 

limitation diagnosis o f Hardies Lagoon. Unfortunately, the first rains of the wet 

season had commenced prior to surveying this billabong, which is surrounded by 

pastoral leases, and may have led to an influx of phosphorus from cattle faecal matter 

and loose topsoil. The large amount of cattle faecal matter upon the surrounding 

floodplain was evident when a 100 m long stretch of the upper reaches of Hardies 

Lagoon was coloured brown with hydrated faecal matter (brought in by Hardies 

Creek). (Unfortunately there is no data available for the nutrient concentrations of 

Hardies Lagoon in 1999 before the rains had started; prior to this survey.) The 

increasing water volume of the billabong also submerged some aquatic grasses, 

which showed signs of early decomposition, which may have released phosphorus 

into the water column. (During the field survey and water collection, the boat anchor 

was continually being pulled-up with attached aquatic grasses, Ribbon Grass, which

101



was in the early stages o f decomposition.) Consequently, the nitrogen limiting 

diagnosis may be an artefact of a recently increased phosphorus load within the 

billabong. The early rains may have caused the nitrogen limitation diagnosis, when 

prior to the rains the water column may have been phosphorus limited or co-limited.

Shady Camp Billabong was nitrogen limited in November, as determined by multiple 

linear regression analysis. The significance of the nitrogen limitation is supported by 

the lack of significant chlorophyll a concentrations in any phosphorus-only 

treatment, over that of the control treatment. However, there was a significant 

interaction between the nitrogen and phosphorus nutrients, and this led to a 

synergistic effect. The synergistic effect is only evident in the highest combined 

nutrient treatment (nitrogen = 200 pg L '1 and phosphorus = 50 pg L '1).

The significant nitrogen limitation of Shady Camp Billabong in November contrasts 

to the co-limitation of the same billabong in September. The change to nitrogen 

limitation after the start of the early wet season thunderstorms probably is the result 

of phosphorus influx into the water column. As explained previously for Hardies 

Lagoon, the influx of cattle faecal matter and loose top soil, which had accumulated 

during the dry season, along with the decay of submerged vegetation, probably led to 

the nitrogen limitation. Consequently, the sampling of billabong water after the first 

rains have commenced is not recommended, as nitrogen limitations are probably 

artefacts of the early wet season storms. This corresponds to Tailing (1966) who 

found Lake Victoria (Africa) to be seasonally nitrogen limiting.

The phosphorus limitation of Corroboree Billabong is only slight, and not as marked 

as the nitrogen limitation of Bridge Arm Billabong, Hardies Lagoon, and Shady 

Camp Billabong (in November).

The strong synergistic effect, where the combined nitrogen and phosphorus 

treatments produced greater phytoplankton growth than the additive effect of the 

nitrogen and phosphorus individually, was also found by Anton et al. (1995) in 

Malaysia (Pansoon reservoir). A synergistic effect is evidence that both nitrogen and 

phosphorus are in short supply, despite one nutrient being significantly more limiting 

than the other nutrient (Anton et al. 1995). Sterner and Grover (1998) also found a 

synergistic effect (with nitrogen being more limiting than phosphorus) occurring in 

some warm-temperate lakes o f southern North America.

The synergistic effect of the phytoplankton growth may be the result of the existence 

of many phytoplankton with different cellular nutrient requirements (Rhee 1978). 

Those organisms that preferred higher concentrations of phosphorus would have
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experience population growth within the phosphorus-only treatments, whilst those 

that preferred higher concentrations of nitrogen increased in population within the 

nitrogen-only treatments. However, both groups benefited from added nitrogen and 

phosphorus in the combined N+P treatments, as did the organisms that required an 

increase in both nitrogen and phosphorus. Therefore, there is a measure of co

limitation between the organisms present, but this does not mean that the system, at 

the community level, is necessarily co-limited for nitrogen and phosphorus. At the 

community level, only Corroboree Billabong was phosphorus limited, and only 

Shady Camp Billabong (in September) was co-limited, as the remaining 

investigations showed marked nitrogen-limitation at the community level.

Higher recycling rates of organic phosphorus relative to nitrogen (Redfield 1958), 

due to bacterial decomposition, may contribute to the paucity of available nitrogen, 

as a greater proportion of the nitrogen is sequestered in unavailable organic forms at 

any given time. This effect would be especially pertinent to the tropics, where 

decomposition is faster than in temperate lakes due to increased enzyme efficiency 

(Hecky and Kling 1987). Higher temperatures in the tropics also reduce the water N2 

holding capacity, further reducing available nitrogen to the phytoplankton. Tropical 

lakes that stratify are more likely to be nitrogen-limited than tropical lakes that do 

not stratify (Lewis 1990).

Redfield (1958) proposed that the optimal N:P ratio for phytoplankton was 16:1. 

This was based on the ratio of N:P within the cells of several species of surveyed 

phytoplankton. This ratio was determined from marine phytoplankton, but has been 

accepted by limnologists for freshwater phytoplankton, as the nutritional 

requirements of freshwater and marine phytoplankton are similar (Hecky and Kilham 

1988). However, not all phytoplankton have the same cellular requirements for 

nitrogen and phosphorus, and the ‘Redfield ratio’ is more of a generalisation than a 

rigid rule. This study involved the simultaneous addition of nitrogen and phosphorus 

in ratios ranging from 3:1 (N1P1) to 4:1 (N3P3). These values have low N:P ratios 

(compared to the ‘Redfield ratio’), which is typical of eutrophic lakes and rivers 

(Downing and McCauley 1992; Anton et al. 1995).

Smith (1983), Bulgakov and Levich (1999), and Smith and Bennett (1999), advocate 

the resource ratio hypothesis as the overriding influence in phytoplankton 

community structure. The resource ratio hypothesis suggests that the N:P ratio of a 

water body will favour the phytoplankton whose cellular N:P requirements closely 

match that of the surrounding water (Bulgakov and Levich 1999). Schindler (1977), 

Smith (1983), and Bulgakov and Levich (1999) suggest that low N:P ratios will
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favour cyanobacteria, whilst high N:P ratios will favour green algae (and other non- 

cyanobacterial phytoplankton). Bulgakov and Levich (1999) base their acceptance of 

the resource ratio hypothesis on the dominance of cyanobacteria in low N:P ratio 

water, arguing that cyanobacteria and other phytoplankton “respond more intensely 

to relative quantities of nutrients than to their absolute concentrations”. Anton et al.

(1995) and Bulgakov and Levich (1999) suggest that the N:P ratio determines the 

proportional biomass of each species in a community, but does not determine the 

total phytoplanktonic biomass, this is determined by the absolute concentrations of 

nitrogen and phosphorus. Sommer (1999) states that the phytoplankton response to a 

particular N:P ratio can be slow, with the phytoplankton assemblage at any given 

time being the result of an N:P ratio experienced in the recent past. Sommer (1993) 

found a delay of six weeks in phytoplankton reaction to particular N:P ratios. 

Although accepting the resource ratio hypothesis, Smith and Bennett (1999) 
conclude that other factors are also important in the structuring of phytoplankton 

communities, and in some instances may prove more influential than the N:P ratio.

When a water body is eutrophic, there is adequate nitrogen and phosphorus for 

cellular requirements. The N:P ratio is inconsequential, as maximum growth is 

afforded by sufficient quantities of both nitrogen and phosphorus, and the N:P ratio 

will not have any selective effects on phytoplankton community structure (Reynolds 

1999). Therefore most phytoplankton will be able to grow in eutrophic waters. 

However, other factors, such as light availability (e.g., algae shaded by 

cyanobacteria] scums) and competitive ability, may determine species composition 

and species diversity. The ratio of nitrogen and phosphorus may become applicable 

in oligotrophic waters where nutrients are scarce, and the best competitor for the 

limiting nutrient will be advantaged, but this is more an artefact of nutrient limitation 

than the effect of the N:P ratio (Reynolds 1999). An organism whose optimal N:P 

ratio matches that of the available N:P will still experience a restricted population, as 

the nutrients are in short supply. Therefore, an organism may have a higher 

population in eutrophic waters where required nutrients are sufficient, although the 

available nutrients are not in the ratio of cellular requirements. Consequently, the 

N:P ratio does not describe the optimal conditions of growth of any group of 

phytoplankton in eutrophic waters where both nitrogen and phosphorus are available 

in high concentrations. Redfield (1958) and Hecky and Kilham (1988) alluded to the 

phytoplankton assemblage, within the community, having an effect upon the N:P 

ratio. As the cellular requirements of the phytoplankton will determine the amount 

of nitrogen and phosphorus sequestered from the water, and this may have an effect 

on the resultant N:P ratio of the water column. Therefore, the phytoplankton 

assemblage of a lake may determine the community structure of the succeeding
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phytoplankton community (successional ecology), rather than the abiotic influence of 

the N:P ratio. Lewis (1986) observed a successional change in phytoplankton 

assemblage of diatoms —» green algae —> cyanobacteria —■» dinoflagellates in a 

Venezuelan lake after stabilisation (after a period of deep mixing).

The large water volume flowing through the Mary River floodplain once the 

monsoonal rains arrive would flush a considerable amount of the water from the 

billabongs. The annual monsoon floods undoubtedly provide robustness to the 

floodplain system, due to the annual flushing of billabong water, and the dilution of 

all nutrients and polluting chemicals. The annual monsoon flood would also provide 

homogeneity between phytoplankton assemblages of each billabong, as they are 

derived from the same flood water-mass that extends over the Mary River floodplain.

A possible bias with the results of this experiment design was the sedimentation of 

turbidity-causing vectors within the experimental containers. However, this situation 

is unavoidable when using experimental containers. This problem even exists within 

in situ polyethylene bag experiments, which are placed within the water body 

environment. The problem with excessive sedimentation within experimental 

containers is due to the lack of water currents within the containers (Schelske 1984); 

and due to the difference between currents within a water body it is unlikely that any 

artificially induced current will be representative of the water body. The only means 

of avoiding such biases is to perform an entire-lake-experiment (Carignan and Planas 

1994), where direct nutrient seeding of the water body is conducted. This is 

undesirable, as the study would create eutrophic conditions in a natural environment. 

(One purpose of this study is to assist in finding management options to prevent 

eutrophication of the billabongs.)

This study provides information of the phytoplankton response to nutrient 

enrichment of the billabongs of the Mary River floodplain, which has been 

unavailable for this region in the past. The billabongs are generally nitrogen limited, 

but phosphorus limitation and co-limitation was also found. The early wet season 

rains create an influx of nutrients into the billabongs, but this influx has a much 

lower N:P ratio than the Redfield-ratio of 16:1.

A thorough literature search has been unable to find evidence o f any previous 

nutrient enrichment bioassay research for the tropical water bodies o f the Northern 

Territory. This study, therefore, contributes to the rectification of the paucity in 

knowledge concerning phytoplankton response to possible enrichment of natural 

water bodies in the Top End o f Australia. Future investigators of phytoplankton
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response to nutrient enrichments throughout the tropical Northern Territory will now 
have a reference for comparative purposes.
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CONCLUSION

5.1 RESPONSE OF THE PHYTOPLANKTON TO 
NUTRIENT ENRICHM ENT

Phytoplankton in the waters of the Mary River floodplain billabongs studied reacted 

to nitrogen and phosphorus enrichment; therefore the billabongs were all nutrient 

limited at the time of surveying. This confirms the low concentrations of nitrogen 

and phosphorus of these waters. There were strong synergistic effects occurring in 

all billabongs studied. The synergistic effect was the result of individual groups of 

phytoplankton which all benefited from the addition of both nitrogen and 

phosphorus. The nitrogen-limited, the phosphorus-limited, and the co-limited 
phytoplankton of the billabong systems all benefited from the addition of both 

nitrogen and phosphorus together. Whereas the addition of either nitrogen or 

phosphorus would have only stimulated growth in either the nitrogen-limited or 

phosphorus-limited groups of the phytoplankton community. However, this synergy 

does not equate to co-limitation of all billabongs, as the individual nutrients, either 

nitrogen or phosphorus, contributed in varying degrees to the synergistic effect 

within the billabongs.

5.2 NUTRIENT LIM ITATION STATUS OF THE MARY  
RIVER BILLABONGS

Multiple linear regression analysis determined that Corroboree Billabong was the 

only billabong surveyed to be phosphorus limited, whilst Bridge Arm Billabong and 

Hardies Lagoon were nitrogen limited. Shady Camp Billabong was co-limited in the 

September survey, but had changed to nitrogen limited by the November survey.

5.3 CHANGES OCCURRING DURING THE BUILD-UP 
TRANSITION

The major change that occurred in physical attributes during the transition from dry 

season to wet season was the increasing water temperature, and the associated 

decrease in dissolved oxygen. Shady Camp Billabong also experienced a large

C h a p t e r  5
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increase in specific conductivity, with the northern end, nearest the barrage, showing 

the largest increase in salinity.

The early rains of the build-up also flushed large quantities of nutrients, especially 

phosphorus, into the floodplain billabongs, which had accumulated over the rainless 

dry season. Hardies Lagoon, which is the only billabong with a hilly catchment area, 

would have had the greatest increase in nutrient inputs. The relatively low levels of 

nitrogen measured during the build-up may be due to the actions of denitrifying 

bacteria, reducing nitrate and nitrite to dissolved nitrogen gas.

5.4 DISCUSSION AND M ONITORING SITE

There is no general pattern to nutrient limitation of the Mary River floodplain 

billabongs during the late dry season. Corroboree Billabong was phosphorus limited, 

Bridge Arm Billabong was nitrogen limited, and Shady Camp Billabong was co

limited. This displays strong variation within the system, with the billabongs only a 

few kilometres apart. However, after the first rains of the build-up, the billabongs 

become nitrogen limited, due to an influx of nutrients. The change to nitrogen 

limitation after the first rains of the build-up is natural, as phosphorus accumulates 

upon the terrestrial environment during the dry season. The results of this study 

agree with the general concept that tropical nutrient limitation is variable, with more 

nitrogen limitation than phosphorus limitation, and contrasts with the strongly 

phosphorus limiting billabongs and lakes of the temperate regions.

The change to nitrogen limitation after the first rains of the wet season, means that 

post rain analysis cannot be extrapolated retrospectively to the status of the 

billabongs prior to commencement of the rains. Therefore, nutrient limitation status 

of the billabongs should not be determined after the rains have started. Once the 

monsoonal floods spread over the floodplain, the nutrients will probably be heavily 

diluted. And this dilution, in concert with high turbidity, would suppress 

phytoplankton growth during the wet season. The water remaining in the billabongs 

after the flood has receded, would also he low in nutrients, and the billabongs would 

remain oligotrophic until the first rains of the following build-up. This naturally 

oligotrophic nature of the Mary River floodplain billabongs increases susceptibility 

to unnatural sources of nutrient inputs. Especially if large quantities of nutrients are 

brought into the system during the period when the floodwaters are receding, and the 

nutrients become trapped in the billabongs during the dry season.
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Anthropogenic nutrient enrichment of the Mary River floodplain billabongs is likely 

to have a low N:P ratio. Therefore, the easiest means of detecting unnatural nutrient 

inputs into the billabong system, would be to monitor the phytoplankton at 

Corroboree Billabong, as it was the only billabong found to be phosphorus limited. 
Corroboree Billabong was also the billabong that had the highest increase in 
chlorophyll a concentration over that of the collection site (439% chlorophyll a 
increase). However, the threat to Corroboree Billabong is reduced due to its large 

size; it is the largest of the Mary River floodplain billabongs. The large water 

volume of Corroboree Billabong is likely to provide a measure of robustness. 

Serendipitously, Corroboree Billabong is the only billabong to have an automatic 

sampling station (which is located at the representative site). Consequently, 

Corroboree Billabong already has some of the infrastructure required for nutrient 

enrichment monitoring.

5.5 LIMITATION OF THIS STUDY

This study shows the Mary River floodplain to be a mosaic of differing billabongs, 

with respect to nutrient limitation. Increased temporal surveys, with more sites per 

billabong, would allow further distinctions between the billabongs to be made. The 

current study, due to time, equipment, and personnel restraints, only afforded a single 

temporal study site (duration of one day) for each field trip. Due to the variation 

found between sites of each billabong during the spatial surveys, it is impossible to 

differentiate the billabongs by their temporal characteristics. (There may be greater 
variation between the sites of each billabong than exists between the representative 

sites of the different billabongs.)

Site specificity, with relation to a single site for water collection, also proves 
problematic, with a single site failing to adequately represent the entire billabong 

(Sterner and Grover 1998), due to variation within the billabong. However, multiple 

site water collection would have been impossible to conduct in the timeframe 

available for this study. To intensely study one billabong, would have meant 
neglecting the other billabongs of the floodplain, and a great restriction in the spatial 

coverage of this study.

A further limitation to this study, is the variation in performance of different groups 

of phytoplankton when subjected to laboratory conditions, as found by Sterner and 

Grover (1998). Although every attempt was made to minimise extremes and 

fluctuations in conditions, the laboratory analyses performed do not completely 

mimic the prevailing conditions within the billabong. This is a fault ot all bioassays;
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even those performed in situ with polyethylene bags (Carignan and Planas 1994). 

The only alternative is to perform a bioassay experiment by seeding the actual 

billabong, and this is unacceptable, as the purpose of this study is to assist in the 

formulation of a management strategy for preventing the eutrophication of the 

billabongs.

Time of experimental sampling may also be a limitation, as the laboratory 

experimental phase of this study consisted of four days o f sampling. This was due to 

time constraints, and the quick (fortnightly) turn around between field trips. (A 

necessary restriction due to the short period o f time between the end of the dry 

season and the first rains of the coming wet season.) Carignan and Planas (1994) 

found that phytoplankton succession within experimental containers could result in 

changes in nutrient limitation status over a period of weeks.

The present study only provides a ‘snap-shot’ of the billabongs; as Shady Camp 

Billabong was the only billabong studied more than once. Increased sampling of the 

billabongs, involving several trips to each billabong during the period between 

flooding (between wet seasons) would provide greater insight into the dynamics of 
each billabong.

5.6 FURTHER RESEARCH

The knowledge of nutrient dynamics of the M ary River floodplain billabongs would 

benefit from a hydrological study of the system, including both flood water flow, and 
subterranean water flow dynamics.

An extended sampling period would also prove beneficial to the understanding of the 

Mary River floodplain billabongs. A period o f repeated visitation to all billabongs 

would improve the knowledge of the system, and would assist in better 

understanding the dynamics of the billabongs over the dry season. Greater spatial 

coverage with respect to studying the daily temporal dynamics o f the billabongs 

would also contribute to increased understanding of the system.

5.7 SIGNIFICANCE OF THIS STUDY

Most nutrient limitation analyses are still determined from concentrations of 

nutrients, chlorophyll, and turbidity (Niirnberg 1999). However, this study showed 

that these parameters are not as accurate as bioassay experiments in determining the 

nutrient limitation status of billabongs and lakes.
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It is hoped that this study will contribute to the knowledge of phytoplankton response 

to possible nutrient enrichment of natural water bodies, in the Top End of Australia 

in particular, and contribute to the general theory of nutrient limitations of tropical 

phytoplankton.
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APPENDIX 1: CONTAINER LOCATION

Figure A1.01: Diagram of the experimental containers, within the fibreglass holding 
container (water collected from Shady Camp Billabong in September). Holding 
container filled with 10 cm of water around experimental containers.

Figure A1.02: Diagram of the experimental containers, within the fibreglass holding 
container (water collected from Corroboree Billabong in September). Holding 
container filled with 10 cm of water around experimental containers.
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Figure A1.03: Diagram of the experimental containers, within the fibreglass holding 
container (water collected from Bridge Arm Billabong in October). Holding container 
filled with 10 cm of water around experimental containers.

Figure A1.04: Diagram of the experimental containers, within the fibreglass holding 
container (water collected from Hardies Lagoon in October). Holding container filled 
with 10 cm of water around experimental containers.
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Figure A1.05: Diagram of the experimental containers, within the fibreglass holding 
container (water collected from Shady Camp Billabong in November). Holding 
container filled with 10 cm of water around experimental containers.
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APPENDIX 2: ANOVA AND TUKEY TEST
OUTPUTS FOR SECTION 3.2.1.1

All boldface numerals are significant values.

Table A2.01: ANOVA and Tukey HSD test for Shady Camp Billabong spatial 
chlorophyll a data (September 1999). Site-5 is the representative site.

ANOVA for Shady Camp Billabong spatial water chlorophyll a: September 1999 
Summary of all Effects; design:___________________________________________
1-SITE n=3

df MS df MS F p-level Transformation:
Effect Effect Error Error Nil

1 5.00 40.53 12.00 4.26 9.51 0.00

Tukey HSD test; variable Chlorophyll a 
Probabilities for Post Hoc Tests
MAIN EFFECT: SITE

SITE {1}
5.30

{2}
7.80

{3}
14.47

{4}
4.29

{5}
6.10

{6}
6.10

1 {1} 0.68 0.00 0.99 1.00 1.00
2 {2} 0.68 0.02 0.36 0.91 0.91
3 {3} 0.00 0.02 0.00 0.00 0.00
4 {4} 0.99 0.36 ' 0.00 0.88 0.88
5 {5} 1.00 0.91 0.00 0.88 1.00
6 {6} 1.00 0.91 0.00 0.88 1.00
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Table A2.02: ANOVA and Tukey HSD test for Corroboree Billabong spatial chlorophyll
a data (September 1999). Site-5 is the representative site.

ANOVA for Corroboree Billabong spatial water chlorophyll a: September 1999 
Summary of all Effects; design:________
1-SITE n=3

df MS df MS F p-level Transformation:
Effect Effect Error Error Nil

1 7.00 7.53 16.00 0.31 23.91 2.44E-07

Tukey HSD test; variable Chlorophyll a
Probabilities for Post Hoc Tests 
— — — — —  —

SITE “  “  13} “  {5} (6? r i  ”
7.36 7.82 9.77 6.01 5.37 6.13 8.49 5.43

1 {1} 
2 {2}
3 {3}
4 {4}
5 {5}
6 {6}
7 {7}
8 {8}

0.97 0.00 0.13 0.01 0.20 0.27 0.01
0.97 0.01 0.02 0.00 0.03 0.81 0.00
0.00 0.01 0.00 0.00 0.00 0.17 0.00
0.13 0.02 0.00 0.84 1.00 0.00 0.90
0.01 0.00 0.00 0.84 0.71 0.00 1.00
0.20 0.03 0.00 1.00 0.71 0.00 0.78
0.27 0.81 0.17 0.00 0.00 0.00 0.00
0.01 0.00 0.00 0.90 1.00 . 0.78 0.00

Table A2.03: ANOVA and Tukey HSD test for Bridge Arm Billabong spatial chlorophyll 
a data (October 1999). Site-4 is the representative site. Data was transformed.

ANOVA for Bridge Arm Billabong spatial water chlorophyll a: October 1999 
Summary of all Effects; design:___________________
1-SITE

df MS df MS F p-level
Effect Effect Error Error

1 7.00 0.38 16.00 0.02 16.15 3.7E-06

n=3
Transformation:

x'=Vx

Tukey HSD test; variable Chlorophyll a 
Probabilities for Post Hoc Tests
MAIN EFFECT: SITE

SITE {1}
2.41

{2}
2.60

{3}
2.59

{4}
2.94

{5}
2.41

{6}
3.05

{7}
3.38

{8}
2.47

1 {1} 0.75 0.82 0.01 1.00 0.00 0.00 1.00
2 {2} 0.75 1.00 0.20 0.76 0.04 0.00 0.96
3 {3} 0.82 1.00 0.16 0.83 0.03 0.00 0.98
4 {4} 0.01 0.20 0.16 0.01 0.98 0.04 0.03
5 {5} 1.00 0.76 0.83 0.01 0.00 0.00 1.00
6 {6} 0.00 0.04 0.03 0.98 0.00 0.22 0.01
7 {7} 0.00 0.00 0.00 0.04 0.00 0.22 0.00
8 {8} 1.00 0.96 0.98 0.03 1.00 0.01 0.00
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Table A2.04: ANOVA and Tukey HSD test for Hardies Lagoon spatial chlorophyll a
data (October 1999). Site-4 is the representative site. Data was transformed.

ANOVA for Hardies Lagoon spatial water chlorophyll a: October 1999 
Summary of all Effects; design:
1-SITE

df
Effect
5.00

MS
Effect
0.00

df
Error
12.00

MS
Error
0.00

F

3.36

p-level

0.039506

n=3
Transformation:

f i VX '=  ——  
U n X j

Tukey HSD test; variable Chlorophyll a 
Probabilities for Post Hoc Tests
MAIN EFFECT: SITE

SITE {1}
0.031

{2}
0.046

{3}
0.040

{4}
0.015

{5}
0.034

{6}
0.025

1 {1} 0.50 0.89 0.47 1.00 0.98
2 {2} 0.50 0.97 0.03 0.73 0.20
3 {3} 0.89 0.97 0.10 0.98 0.52
4 {4} 0.47 0.03 0.10 0.28 0.85
5 {5} 1.00 0.73 0.98 0.28 0.87
6 {6} 0.98 0.20 0.52 0.85 0.87

Table A2.05: ANOVA and Tukey HSD test for Shady Camp Billabong spatial 
chlorophyll a data (November 1999). Site-5 is the representative site.

ANOVA for Shady Camp Billabong spatial water chlorophyll a: November 1999 
Summary of all Effects; design: ~________________________________________

1-SITE n=3
df MS df MS F p-level Transformation:

Effect Effect Error Error Nil
1 5.00 2.15 12.00 1.50 1.43 0.281985

There are no significant differences between the means values (p>0.10).
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APPENDIX 3: CHLOROPHYLL VALUES FOR
SECTION 4.2.1

Table A3.01: Chlorophyll a (pg L'1) means and standard errors (in parentheses) for 
Shady Camp Billabong in September 1999. For each treatment n = 3.

Day 1 Day 2 Day 3 Day 4

Control
9.81 8.78 6.54 5.61

(2.066) (1.601) (0.773) (0.541)

Nl
8.29 8.25 6.41 5.03

(0.179) (0.186) (0.316) (0.985)

N2
8.04 8.43 6.79 5.38

(0.677) (0.299) (0.346) (0.671)

N3
8.36 8.43 6.54 5.58

(0.396) (0.407) (0.213) (0.217)

PI 11.80 9.66 6.52 6.33

(0.428) (0.246) (0.596) (0.548)

P2
11.87 10.69 7.70 6.69

(0.399) (1.065) (0.116) (0.414)

P3
11.69 9.16 7.54 7.27

(1.735) (0.863) (0.760) (0.622)

N IP l
9.72 10.67 8.38 7.36

(0.673) (0.197) (0.736) (0.840)

N2P2
9.78 11.99 10.84 9.93

(0.533) (0.170) (0.794) (1.005)

N3P3
10.76 12.66 13.50 13.10

(0.693) (0.373) (0.407) (0.158)
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Table A3.02: Chlorophyll a (pg L'1) means and standard errors (in parentheses) for
Corroboree Billabong in September 1999. For each treatment n = 3.

Day 1 Day 2 Day 3 Day 4

Control
6.35 5.25 4.79 5.20

(0.409) (0.158) (0.200) (0.160)

N1
5.21 6.36 6.70 6.60

(0.146) (0.095) (0.043) (0.438)

N2
5.38 6.45 6.97 7.16

(0.224) (0.040) (0.041) (0.189)

N3
5.56 6.74 7.36 6.89

(0.059) (0.168) (0.074) (0.120)

PI
5.40 4.98 5.80 6.84

(0.097) (0.044) (0.244) (0.219)

P2
5.54 5.02 6.05 7.78

(0.261) (0.265) (0.184) (0.494)

P3
6.09 5.55 6.88 9.59

(0.377) (0.483) (0.669) (1.478)

NIPI 6.55 8.07 8.94 8.55

(0.295) (0.273) (0.343) (0.619)

N2P2 6.27 9.59 14.85 15.50

(0.388) (0.362) (0.238) (1.474)

N3P3
6.54 10.35 16.81 28.92

(0.333) (0.043) (0.367) (1.061)
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Table A3.03: Chlorophyll a (pg L'1) means and standard errors (in parentheses) for
Bridge Arm Billabong in October 1999. For each treatment n -  3.

Day 1 Day 2 Day 3 Day 4

Control
3.77 4.30 5.39 6.19

(0.074) (0.034) (0.334) (0.503)

N1
4.03 5.29 6.73 7.88

(0.145) (0.093) (0.030) (0.049)

N2
4.10 5.24 6.58 8.63

(0.079) (0.052) (0.305) (0.079)

N3
4.28 5.48 6.75 8.25

(0.030) (0.071) (0.074) (0.097)

PI
3.88 4.47 5.39 5.44

(0.086) (0.069) (O'. 177) (0.295)

P2
4.08 5.09 5.82 5.70

(0.177) (0.353) (0.443) (0.376)

P3
3.87 4.54 5.26 5.56

(0.063) (0.074) (0.216) (0.275)

N1P1
4.02 5.87 7.76 8.06

(0.030) (0.063) (0.052) (0.254)

N2P2
3.99 6.40 10.88 14.53

(0.081) (0.193) (0.372) (0.522)

N3P3
3.86 6.72 11.61 24.22

(0.085) (0.139) (0.164) (0.933)
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Table A3.04: Chlorophyll a (pg L'1) means and standard errors (in parentheses) for
Hardies Lagoon in October 1999. For each treatment n = 3.

Day 1 Day 2 Day 3 Day 4

Control 5.95 6.31 6.11 5.56

(0.285) (0.023) (0.146) (0.020)

N 1 6.78 8.58 8.51 7.54

(0.195) (0.243) (0.435) (0.461)

N2
9.00 10.15 9.49 8.43

(0.289) (0.199) (0.507) (0.282)

N3
9.01 10.37 9.20 8.43

(0.392) (0.480) (0.391) (0.531)

PI 6.58 6.97 6.50 5.22

(0.144) (0.304) (0.173) (0.218)

P2 7.58 7.53 6.60 5.72

(0.264) (0.204) (0.149) (0.135)

P3
7.15 7.91 7.20 6.29

(0.353) (0.306) (0.348) (0.324)

N1P1 7.45 9.58 8.20 6.30

(0.073) (0.020) (0.344) (0.340)

N2P2
8.36 11.33 13.73 11.44

(0.364) (0.211) (0.348) (0.810)

N3P3
9.06 12.82 16.76 19.40

(0.214) (0.379) (0.535) (0.082)
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Table A3.05: Chlorophyll a (pg L'1) means and standard errors (in parentheses) for
Shady Camp Billabong in November 1999. For each treatment n = 3.

Day 1 Day 2 Day 3 Day 4

Control
8.14 8.53 7.93 7.06

(0.565) (0.251) (0.210) (0.319)

N1
10.21 11.44 9.62 8.48

(0.413) (1.056) (0.923) (1.827)

N2
10.73 14.20 16.62 17.38

(0.274) (0.175) (1.954) (0.866)

N3
11.70 14.60 14.00 16.07

(0.352) (0.307) (0.986) (1.433)

PI
10.72 9.42 8.96 8.05

(0.159) (0.301) (0.253) (0.434)

P2
8.78 8.39 7.49 6.40

(0.242) (0.535) (0.410) (0.294)

P3
11.08 9.97 8.74 8.95

(0.727) (0.843) (1.177) (1.767)

N1P1 11.10 12.89 10.56 9.55

(0.739) (0.609) (1.058) (1.007)

N2P2
10.70 17.73 17.17 13.43

(0.986) (0.350) (0.934) (0.222)

N3P3
14.96 21.39 43.83 26.81

(1.942) (0.750) (13.303) (11.001)

The high standard errors for N3P3 Day-3 and Day-4 is the result o f contamination of 

one experimental container; resulting in a dramatic decrease in the chlorophyll a of 

this container (see section 4 .2 .2 .1 for an explanation of this; see also Fig. 4.05 of 

section 4.2.1).
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APPENDIX 4: ANOVA AND TUKEY TEST
OUTPUTS FOR SECTION 4.2.3

All boldface numerals are significant values.

Table A4.01: ANOVA and Tukey HSD test for Shady Camp Billabong experimental 
treatment differences for Day-3 (September 1999).

ANOVA for Day-3 data. 
Summary of all Effects; design: n=30

Transformation:

Nil

1-TREATMENT

df
Effect

MS
Effect

df
Error

MS
Error F p-level

1 9.00 16.38 20.00 0.94 17.35 0.00

Tukey HSD test; variable Chlorophyll a
Probabilities for Post Hoc Tests
MAIN EFFECT: TREATMENT

{1} {2} {3} {4} {5} {6} {7} {8} {9} {10}
6.54 6.41 6.79 6.54 6.52 7.70 7.54 8.38 10.84 13.50

Control {1} 1.00 1.00 1.00 1.00 0.89 0.95 0.42 0.00 0.00
N1 {2} 1.00 1.00 1.00 1.00 0.82 0.90 0.33 0.00 0.00
N2 {3} 1.00 1.00 1.00 1.00 0.97 0.99 0.61 0.00 0.00
N3 {4} 1.00 1.00 1.00 1.00 0.89 0.95 0.42 0.00 0.00
P1 {5} 1.00 1.00 1.00 1.00 0.89 0.95 0.41 0.00 0.00
P2 {6} 0.89 0.82 0.97 0.89 0.89 1.00 1.00 0.02 0.00
P3 {7} 0.95 0.90 0.99 0.95 0.95 1.00 0.98 0.01 0.00
N1P1 {8} 0.42 0.33 0.61 0.42 0.41 1.00 0.98 0.12 0.00
N2P2 {9} 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.12 0.07
N3P3 {10} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07
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Table A4.02: ANOVA and Tukey HSD test for Corroboree Billabong experimental
treatment differences for Day-4 (September 1999).

ANOVA for Day-4 data. 
Summary of all Effects; design: n=30

Transformation:

Nil

1-TREATMENT

df
Effect

MS
Effect

df
Error

MS
Error F p-level

1 9.00 152.23 20.00 1.93 78.97 0.00
Tukey HSD test; variable Chlorophyll a
Probabilities for Post Hoc Tests
MAIN EFFECT: TREATMENT

{1} {2} {3} {4} {5} {6} {7} {8} {9} {10}
5.20 6.60 7.16 6.89 6.84 7.78 9.59 8.55 15.50 28.92

Control {1} 0.96 0.77 0.88 0.90 0.44 0.03 0.15 0.00 0.00
N1 {2} 0.96 1.00 1.00 1.00 0.99 0.26 0.77 0.00 0.00
N2 {3} 0.77 1.00 1.00 1.00 1.00 0.52 0.96 0.00 0.00
N3 {4} 0.88 1.00 1.00 1.00 1.00 0.39 0.89 0.00 0.00
P1 {5} 0.90 1.00 1.00 1.00 1.00 0.36 0.87 0.00 0.00
P2 {6} 0.44 0.99 1.00 1.00 1.00 0.84 1.00 0.00 0.00
P3 {7} 0.03 0.26 0.52 0.39 0.36 0.84 0.99 0.00 0.00
N1P1 {8} 0.15 0.77 0.96 0.89 0.87 1.00 0.99 0.00 0.00
N2P2 {9} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N3P3 {10} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table A4.03: ANOVA and Tukey HSD test for Bridge Arm Billabong experimental 
treatment differences for Day-4 (October 1999).

ANOVA for Day-4 data. 
Summary of all Effects; design: n=30

Transformation:

x '= V x

1-TREATMENT
df

Effect
MS

Effect
df

Error
MS

Error F p-level
1 9.00 1.98 20.00 0.01 165.30 0.00

Tukey HSD test; variable Chlorophyll a
Probabilities for Post Hoc Tests
MAIN EFFECT: TREATMENT

{1} {2} {3} {4} {5} {6} {7} {8} {9} {10}
2.48 2.81 2.94 2.87 2.33 2.38 2.36 2.84 3.81 4.92

Control {1} 0.04 0.00 0.01 0.77 0.98 0.91 0.02 0.00 0.00
N1 {2} 0.04 0.89 1.00 0.00 0.00 0.00 1.00 0.00 0.00
N2 {3} 0.00 0.89 1.00 0.00 0.00 0.00 0.98 0.00 0.00
N3 {4} 0.01 1.00 1.00 0.00 0.00 0.00 1.00 0.00 0.00
P1 {5} 0.77 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00
P2 {6} 0.98 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00
P3 {7} 0.91 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00
N1P1 {8} 0.02 1.00 0.98 1.00 0.00 0.00 0.00 0.00 0.00
N2P2 {9} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N3P3 {10} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A4.04: ANOVA and Tukey HSD test for Hardies Lagoon experimental treatment
differences for Day-4 (October 1999).

ANOVA for Day-4 data. 
Summary of all Effects; design: n=30
1-TREATMENT T ransformation:

df
Effect

MS
Effect

df
Error

MS
Error F p-level

Nil

1 9.00 55.05 20.00 0.46 120.40 0.00

Tukey HSD test; variable Chlorophyll a 
Probabilities for Post Hoc Tests
MAIN EFFECT: TREATMENT

{1}
5.56

{2}
7.54

{3}
8.43

{4}
8.43

{5}
5.22

{6}
5.72

{7}
6.29

{8}
6.30

{9}
11.44

{10}
19.40

Control {1} 0.05 0.00 0.00 1.00 1.00 0.94 0.93 0.00 0.00
N1 {2} 0.05 0.83 0.83 0.01 0.08 0.45 0.45 0.00 0.00
N2 {3} 0.00 0.83 1.00 0.00 0.00 0.03 0.03 0.00 0.00
N3 {4} 0.00 0.83 1.00 0.00 0.00 0.03 0.03 0.00 0.00
P1 {5} 1.00 0.01 0.00 0.00 0.99 0.64 0.64 0.00 0.00
P2 {6} 1.00 0.08 0.00 0.00 0.99 0.99 0.99 0.00 0.00
P3 {7} 0.94 0.45 0.03 0.03 0.64 0.99 1.00 0.00 0.00
N1P1 {8} 0.93 0.45 0.03 0.03 0.64 0.99 1.00 0.00 0.00
N2P2 {9} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N3P3 {10} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table A4.05: ANOVA and Tukey HSD test for Shady Camp Billabong experimental 
treatment differences for Day-3 (November 1999).

ANOVA for Day-3 data. 
Summary of all Effects; design; n=29

Transformation:

X '= a/ x

1-TREATMENT
df

Effect
MS

Effect
df

Error
MS

Error F p-level
1 9.00 4.50 19.00 0.06 77.98 0.00

Tukey HSD test; variable Chlorophyll a
Probabilities for Post Hoc Tests

MAIN EFFECT: TREATMENT

{1} {2} {3} {4} {5} {6} {7} {8} {9} {10}
2.82 3.09 4.06 3.74 2.99 2.73 2.94 3.24 4.14 7.56

Control {1} 0.91 0.00 0.00 0.99 1.00 1.00 0.51 0.00 0.00
N1 {2} 0.91 0.00 0.09 1.00 0.71 1.00 1.00 0.00 0.00
N2 {3} 0.00 0.00 0.80 0.00 0.00 0.00 0.01 1.00 0.00
N3 {4} 0.00 0.09 0.80 0.03 0.00 0.02 0.32 0.57 0.00
P1 {5} 0.99 1.00 0.00 0.03 0.94 1.00 0.95 0.00 0.00
P2 {6} 1.00 0.71 0.00 0.00 0.94 0.98 0.29 0.00 0.00
P3 {7} 1.00 1.00 0.00 0.02 1.00 0.98 0.87 0.00 0.00
N1P1 {8} 0.51 1.00 0.01 0.32 0.95 0.29 0.87 0.01 0.00
N2P2 {9} 0.00 0.00 1.00 0.57 0.00 0.00 0.00 0.01 0.00
N3P3 {10} 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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