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1 • INTRODUCTION 

1.1 The need to measure phosphorus exports 

The export of nu_trients like phosphorus by rivers into lakes and 

estuaries has become an important focus of research and their has 

been many articles published on this subject (Loehr et al. 1980, 

Overcash & Davidson, 1981 ). 

Phosphorus has been chosen as the subject of most of the export 

studies because it has been well identified that it most commonly 

limits the growth of phytoplankton, algae and macrophytes, and is 

the limiting nutrient in most cases of cultural eutrophication 

although nitrogen and other vital elements may be limiting in 

certain. environments. 

. 
Cultural. eutrophication is only part of the wider aspect of water 

pollution. As defined by the O.E.C.D, ( 1982), eutrophication 'is the 

nutrient enrichment of waters which results in stimulation of an 

array of symptomatic changes among which increased production of 

algae and macrophytes, deterioration of fisheries, deterioration of 

water quality and other symptomatic changes are found to be 

undesirable and interfere with water uses'. 

Wood (1975) had done a thorough assessment of eutrophication in 

Australian inland waters and identified factors considered to be of 

importance to eutrophication in Australia. 

The sources of phosphorus_ into a river system can be divided into 

either point or non-point sources. Rainfall runoff from rural lands 

where the nutrients enter in a diffuse manner is termed non-point or 

diffuse source pollution whilst the release of pollutants fro.m a 

concentrated source like sewage treatment outlets, urban stormwater 

outfalls or animal feedlots is termed point source pollution. The 

distinction between them is whether the source could be easily 

identified and measured. 



The magnitude of non-point sources has been recognised in recent 

years (Cullen and Rosich, 1979, IJC, 1978). The main emphasis in 

the past towards controlling water pollution has been through 

engineering means like building tertiary treatment plants for 

reducing phosphorus from sewage. 

In planning for the water quality management of lakes, estuaries and 

rivers, there is a strong need to estimate or measure the nutrient 

entering the system from all sources, both from point and non-point 

sources. This data is necessary, in order to get the overall view 

of the relative contributions from all sources to the system. An 

informed decision can then be made and a pollution prevention or 

abatement program planned. A model of the system would be helpful 

to simulate the possible outcomes of any planned action. Without 

doing an analysis o·f this kind, costly programs could be carried out 

that would not give the anticipated results, eg. und.ertaking the 

construction of ex~ensive tertiary treatment plants that will not 

improve the water-quality downstream (Jones and Lee, 1982). This 

has al.ready happened in the United States, where under the Fede.ral 

Water Pollution Control Act, communities were entitled to Federal 

aid in constructing tertiary treatment plants which were later 

abandoned or could ·not achieve their original aims (US House of Rep. 

1978). 

Apart from water quality management, there is also a need to 

understand the mechanisms of p hosphorus transport and the phosphorus 

loads exported from different land-uses under different conditions 

of management treatment. For example, the effe.ct .of forest fires, 

the effect of superphosphate application on the l b ng-term water 

quality, or the possible success of soil c onservation measures. 

1.2 Common approaches to the measurement proble m 

Two approaches have gener a ll y been used to quantify the export of 

phosphorus . 
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In the first approach, the phosphorus load is usually estimated 

using load per unit area data in conjunction with the data on areas 

corresponding to each land-use class. The load data is usually 

obtained from the literature and could be on a per capita, per land

use type or other basis (Polls and Lanyon, 1980; Rimer et al., 

1978). 

This approach has many shortcomings. By expressing the load in mass 

per unit area per unit time (kg/km2/yr), the fact that concentration 

of phosphorus which depends on the river discharge is not used in 

the load calculation. It also does not take into account the yearly 

variations in discharges or the instream processes like the 

interaction of phosphorus with the sediments and plant uptake. The 

range of unit loads (Loading Factors) found in the literature could 

vary greatly by several orders of magnitude. Thus, by judiciously 

choosing these loading factors different loads could be calculated 

for the same catchment (Verhoff et al., 1980). 

The other approach is to measure the actual concentration and 

discharge at the point of interest. This is the most common 

approach used in Australia. Streamflow data is usually available on 

a continuous basis but the concentration data is not. There are 

many calculational procedures used to calculate the phosphorus flux, 

for example using the product of the average streamflow times the 

average concentration, flow-weighted average concentration times the 

total flow for the period under study or the flow interval method. 

Considerable variability in calculated loads is exhibited by these 

methods (e.g. Whitfield, 1982). 

Rating curves using the relationship between concentration and 

discharge have also been used. In some cases, the load-discharge 

relationship is used and various data transformations have also been 

tried. Multiple regression has also been used. 

The advantage of using the rating curve method is that once a 

satisfactory relationship is established, the regression equation 

could be used to calculate the load for any period of streamflow 

record. The disadvantage is that there is no simple relationship 
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between discharge and concentration. This aspect of the rating 

curve is the subject of the present study. The use of rating curves 

could lead to large errors in the loads calculated (Walling 1977). 

1.3 Objectives of this study 

An earlier project funded by the Australian Water Resources Council 

had led to a substantial data set of phosphorus concentrations and 

flows being measured on the catchment draining to Lake Burley 

Griffin in Canberra. This data had been used to calculate exports 

for the phosphorus budget that was calculated for the lake ( Cullen, 

Rosich and Bek 1~78), but it was appreciated that a more 

comprehensive analysis might further clarify the relationships 

between phosphorus concentration and stream flow. 

Consequently the project reported here has not ill vol ved the 

collection of any further · data, but rather was concerned to further 

analyse the existing data set to evaluate the v.arious techniques 

used to relate concentrations and discharge in the computation of 

exports of phosphorus from land surfaces. 
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2. A REVIEW OF THE SOURCES AND TRANSPORT OF PHOSPHORUS 

There are complex interactions between the various hydrological, 

chemical and physical processes involved in the phosphorus cycle. Any 

research into the movement of phosphorus from the land surface to an 

aquatic ecosystem must be based upon some conceptual model that traces 

the path of phosphorus in its various forms from its source on a 

catchment surface to its entry into a stream channel and hence into the 

receiving water of interest, be it a stream, lake or an estuary. 

The conceptual model on which this work is based has four main 

components, as shown in Fig 2.1, and the energy to drive the system 

comes mainly from meteorological factors such as rainfall and wind. 

Energy 

inputs 

Sources Land Transport .In-stream changes Receiving Waters 

soil -- overland flow - sedimentation r--- stream 

plants wind movement resuspension l ake 

animals animal movement Biotic uptake & estuary 

release 

Figure 2.1 A Conceptual Model of Phosphorus Movement into Aquatic 

Systems 
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2.1 Sources of Phosphorus to the Catchment Surface 

The sources of phosphorus to a catchment surface include phosphorus 

originally present in the parent soil material as well as phosphorus 

brought into the catchment by a variety of mechanisms. 

2. 1. 1 weathering of Parent Material 

The weathering of the mineral apatite is a natural source of phosphorus 

in most soils. Many soils in Australia are 1eficient in phvsphorus and 

therefore supplementary sources of phosphorus in the form of_ 

superphosphate are used in cropped areas and improved pastures. The 

parent material in the Lake Burley Griffin catchment is deficient in 

apatite and the soils are naturally low in phosphorus. 

2~ 1,2 Atmospheric Transport 

Phosphorus may enter the catchment through either wet or dry fallout 

from the atmosphere which acts as a transport mechanism rather than 

being a source of phosphorus itself. 

Phosphorus enters the atmosphere in a variety of ~ays. In 

industrialized areas, phosphorus enters the atmosphere with urban and 

industrial emissions. 

In the Great Lakes system of North America, the estimated atmospheric 

phosphorus load to Lakes Superior, Michigan, Huron, Sri-a and Ontario 

was calculated to :be 1566, 1682, 1129, 774 and 73e metric tonnes per 

year which makes up 37 ,. 26, 23, 4 and 4 percent of the total phosphorus 

loads to the lakes respectively. (Gregor and Johnson 1980 }. The lakes 

surface comprise· about 30% of the total area of the Great Lakes basin 

and so it is not surprising that the direct atmospheric fallout 

contributes such a significant portion of the total loadings. 

Direct atmospheric loading to the water surface of lakes is generally 

less important in Australia because of the much smaller area of lake 

6 



surfaces in relation to the catchment area. 

Agricultural and forestry practices contribute phosphorus to the 

atmosphere, and can subsequently enter aquatic ecosystems. Inadequate 

vegetation cover, especially during dry windy conditions and droughts, 

may result in substantial wind erosion that carries fine particulates 

into the atmosphere. The aerial application of superphosphate may also 

contribute fine particles to the atmosphere, but. no attempt to quantify 

this source is known. 

Burning in agricultural and forest areas will release phosphorus to the 

atmosphere. Harwood and Jackson ( 1975) estimate that up to 10 kg ha - 1 

of phosphorus was released to the atmosphere during regeneration 

burning of slash remaining after logging in Tasmania. Prescribed 

burning in forested areas for hazard reduction and regeneration is 

being increasingly· used in Australia as a forest management tool (Shea 

et al 1981 ). Between 1975-77 a total of about 2.4 million hectares of 

dry sclerophyll forest was burnt to reduce subsequent fire hazard. This 

comprises about 4,6% of the approximately 53 million hectares of forest 

in Australia (Shea et al 1980). Apart from th~se prescribed burnings, 

the forest and bush wildfires that occur in most summers also 

contribute phosphorus to the atmosphere. 

The phosphorus that enters the atmosphere is transported by air 

currents and may reach the catchment surface by several mechanisms. 

Rainfall and snowfall will scavenge particulates from the atmosphere. 

Novotny and Chesters { 1981) produced a table that showed phosphate 

levels ranging from 0.025 to 0.12 mg 1-1 in rainwater for rural areas 

in North America. · This is interesting because the phosphorus 

concentration in rainwater at times could be greater than the 

recommended limits for preventing lake eutrophication ie. < O. 05 mg l -
1 

for streams entering lakes {Train 1979). In comparison, a figure of 

o. 007 mg 1 ""'.1 total .phosphorus was suggested by Wetselaar (quoted in 

Cullen et al 1978) as typical of rainwater in ti1e Canberra region. 

Dry deposition will depend to a large extent on the ~article size. 

Atmospheric wind conditions affect both the distance the particulates 

are transported and the rate of deposition. Particulates will be 

7 



dep6sited directly on to the stream channel,the soil surface or the 

vegetation. 

2. 1.3 Vegetation 

Plants transfer phosphorus from sub-soil to the above-ground parts of 

the plant, which may subsequently be eaten by grazing animals, or die

off and decompose, 

On the catchment surface, litter fall and its subsequent decomposition 

contribute to the phosphorus available. In the Canberra region, litter 

fall of between 311-847 gm-2 yr- 1 for eucalyptus forests was quoted by 

Walker (1981), For the same forest, a litter standing crop of 1050-2456 

gm-2 was found. 

The major environmental variables considered to affect decomposition 

are temperature and moisture. Walker (19~1) quoted the results of 

several authors who measured the litter decomposition rates in 

Australian eucalypt forests. The percentage weight loss in the first 

year varied from 34 to 84 percent, with complete decomposition of 

eucalyptus leaf material over a period of 14 to 35 months, Wood and 

bark material will take longer to decompose. Ashton { 1975) showed that 

the leaf litter from a forest of Eucalyptus regnans in Victoria had a 

half life of less than one year compared to wood with a half life of 

nearly five years 

2. 1. 4 Agricultural Activity 

Superphosphate is used extensively in Australia, for both cropping and 

pas~ure lands, Table 2.1 shows the total superphosphate use on 

pastures in Australia from 1975-1983. These pastures supported about 

134 million sheep and 25 million cattle in 1981 (bureau of Agricultural 

Economics 1982 ). 
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crops Pasture Crops Pasture 

Quantities applied kt. Area, 'OOOha 

1975-76 1138 1084 10062 8914 

1976-77 1074 1229 10813 10453 

1977-78 1136 1402 12530 11794 

1978-79 1145 1506 12945 12458 

1979-80 1149 1820 na 14703 

1980-81 1214 1733 na 13964 

1981-82 1336 1538 14432 12345 

1982-83 na 1289 14369 10712 

Table 2.1 Superphosphate Fertilizer Use in Australia, 1975-1983 

(from Quarterly Rev. of Rural Economy, Nov 1984.) 

Most of the phosphorus that is ingested by these grazing animals 

retu:!:"ns to the pasture as faeces (Bromfield 1961 ). Part of this is as 

organic phosphorus which may be only slowly available to plants and the 

rest is inorganic which appears to be readily available to plants when 

the faeces are incorporated in the soil, but not so if they remain in 

the surface. 

2. 1. 5 Subsurface 

Not only do the roots of plants bring phosphorus from the soil to the 

surface herbage, but soil fauna such as ea.rthwonns and ants transport 

soil particles and organic matter ·to the surface. They also help in 

the breakdown of organic ,md · soil particles. Burro·.Hng animals such as 

rabbits, rats and wombats may also bring soil material to the surface. 

These · materials collect ·on the catchment surface and are a source of 

dissolved and p~rticulate phosphorus, available for transport when 

runoff occurs. 
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2.2 Detachment and overland Transport 

The stream channel is the major route by which phosphorus is exported 

from a catchment. Before the phosphorus reaches the permanent stream 

channel, it has to be detached or dissolved from the catchment surface 

and moved to the channel. 

2.2.1 Detachment 

Rainfall falling on vegetation will wash materials from the leaf 

surfaces and such material will include particulate matter deposited on 

the leaves, as well as phosphorus coming directly from plant tissue. 

Sharpley ( 1981) used simulated rainfall to study the phosphorus leached 

from the canopy of growing cotton, sorghum and soyabean plants as 

affected by age, soil type, fertilizer phosphorus addition, soil 

moisture stress, and time interval between rainfall events. After· the 

end of 30 minute rainfall of 6 cm per hour inteneity, the soluble 

phosphorus concentration had reached a level between 0.015 to 0.04 

mg/1, which is still quite high, although the initial levels of soluble 

phosphorus were much higher due probably to the phosphorus secreted 

from the leaf onto the leaf surface. Sharpley suggests that a period 

of at least one day is needed for the phosphorus to accumulate on the 

leaf surface. The lower phosphorus concentration could reflect a 

steady leakage from the leaf. These data are for crops that have 

fertilizer applied and show the potential importeince of phosphorus 

leached from plant leaves as a source of soluble phoaphorus to the 

catchment. 

Most of the movement of phosphorus is however more closely allied to 

th~ process of surface soil erosion since much of the phosphorus is 

transported as particulate phosphorus during runoff avents ( Cullen, et 

al 1978). 

These particulates may come from the soil surface (Johnson et al 1976) 
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or from the stream channels themselves. Since particulates could only 

travel across the catchment surface by overland flow, it can be 

inferred that any variable that affects overland flow will also affect 

the movement of particulate phosphorus across the catchment surface. 

Particulate phosphorus can exist in several forms. It can be absorbed 

on the surface of soil particles, especially clay sized particles, or 

as part of the organic material of plant and animal material, or as 

particles of phosphorus bearing mineral or fertilizer. 

Soil erosion starts with the detachment of soil particles by the impact 

of raindrops on expo·aed soils, and the washing of particulates from 

plant surfaces. On bare and inadequately covered soils the kinematic 

energy of rain drops detach soil particles from the surface and splash 

the particles up to many times the diameter of the soil particle 

itself. In arid areas compaction of the soil surface many occur due to 

the intense forces of raindrops, blocking the soil surface with very 

fine particles. If the soil surface is well covered by vegetation then 

the force of the raindrops would be attenuated. 

Transport by Hortonian Overland Flow 

The rain that falls on the .catchment surface can either flow along the 

E:urface as overland flow contributing to the quickflow in the stream, 

or may infiltrate and move along parallel to the surface as subsurface 

flow, or infiltrate to the ground water table. 

As the term implies, quickflow is that portion that reaches the stream 

channel in a relatively short time in response to rainfall input to.the 

catchment surface. The two possible processes that could give rise to 

this are overland flow and subsurface storm flow. Freeze· ( 1974) . have 

given a good account of the. development of the concepts of overland 

flow and subsurface storm flow. The question of the relative 

contribution of both processes to the qui~kflow has not been 

satisfactorily answered but it would appear that where soi.ls ar.e well 

drained, deep and permeable, and steep hillsides border a narrow valley 

floor, subsurface stormflow dominate~ Where valley bottoms are 
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extensive, the footslopes are gentler or the soils thinner, overland 

flow is much more extensive and becomes the dominant contributor to 

quickflow (Dunne et al 1975 ). 

The classical concept of quickflow generation by overland flow is that 

of Horton ( 193j) who proposed the concept of overland flow which occurs 

when the rainfall intensity exceeds the infiltration capacity of the 

soil. Before overland flow is initiated, depression storage must be 

filled so ponding will occur. The resulting overland flow is then the 

difference between precipitation and infiltration under ponding 

conditions. This is the most common case in deserts and semi-arid 

regions, giving rise to 'flash-floods'. This mechanism is often .:alled 

"Hortonian" overland flow, but the term post-ponding overland flow is 

also used. 

The original theory of Horton inferred that overland flow is common and 

widespread, but later workers have found that the wide variation in 

soil types and the irregular pattern of precipitation, ensures that 

only certain portions of the catchment regularly contribute to overland 

flow, This is the 'partial area contribution' concept and Freeze 

( 1974) in summarizing the work of other researchers stated that: 

"The overwhelming conclusion of all the recent field studies is 

that overland flow is a rare occurence in time and space in humid 

vegetated basins.· Rather, storm hydro graphs originate from small 

but consistent portions of upstream source areas that constitute 

no more than 10%, and usually 1-3% of the basin area, and even on 

these restricted areas only 10-30% of the rainfalls cause overland 

flow". 

The other mechanism of quickflow generation that is favoured by forest 

hydrologists is subsurface stormflow in which rainfall infiltrates and 

flows laterally until it reaches a seepage face. Freeze ( 1974) doubts 

whether this m~chanism is able to deliver enough water fast enough to 

contribute to quickflow. On the basis of simulation studies he 

concluded · that "Only an convex hill slopes that fead deeply incised 

channe.ls, and then only when saturated hydraulic conductivities of the 
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soils are very large, is the subsurface storm flow a feasible 

mechanism". 

2.2.3 Transport by Saturated overland Flow 

Another mechanism for producing overland flow happens when the water 

table is near the surface, and the infiltration of water raises the 

perched water table to the surface. Before overland flow occurs, the 

depression storage must be satisfied, and then the overland flow 

consists of any ex:filtration water and any rainfall that falls on the 

saturated surface. This overland flow mechanism has also been called 

saturated overland flow (Dunne 1980 ), 

This concept involves the partial area and subsurface storm flow 

concepts as the 'variable-source area'. In this mechanism the channel 

system expands headwards and laterally to tap the subsurface flow 

systems. 

Based on field studies in a humid area, Dunne and Black {1970,a,b) 

proposed a runoff producing mechanism that has features of the previous 

-three mechanisms. They found that overland flow was generated in only 

a small percentage of the catchment, in topographically low areas 

adjacent to streams. These areas did expand and contract during and 

after storms, The subsurface storm flow was not found to contribute 

directly to the quickflow through emerging in seepage faces but it does 

con.tribute in determining the extent of the variable source areas, The 

overland flow was generated by . rainfall falling directly on the 

saturated areas and also by return flow caused by the water 

exfiltrat:ing from a perched water table that rose to the surface in 

response to infiltrating rain. 

The various mechanisms can be briefly summarised as: 

1. Hortonian overland flow where rainfall intensity exceeds the 

infiltration rate of the soil. 

2. Overland flow from 'partial source areas'' in which small areas of 
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the catchment, often near stream channels are saturated and 

generate overland flow. 

3. Subsurface storm flow of infiltrated water moving laterally 

through the soil mantle toward the channel system. 

4. Expansion of the channel system during storms to tap subsurface 

flow systems and permit overland flow from 'variable source 

areas'. 

5. The Dunne and Black mechanism whereby overland flow is generated 

on saturated variable source areas adjacent to streams. Overland 

flow occurs when soils become saturated at the surface from below 

by rising water tables. Exfiltrating return flow also contribute 

to the overland flow. This will be termed saturation overland 

flow (Dunne 1978). 

Dunne ( 1978) and Freeze ( 197 4) have provided thorough reviews of thes.e 

mechanisms and the field evidence that support each mechan ism. 

Topalidis and Curtis (1982) investigated surface runoff in a 1.8 

hectare eucalypt catchment in the head water of the Yass River, NSW, 

which is similar to the Lake Burley Griffin catchment. They found that 

the most common mechanism of overland flow was the return flow of 

exfiltration water from saturated areas in the central depression of 

the catchment. The contribution of direct rainfall on this saturated 

area was negligible. Hortonian overland flow also occurred to a lesser 

extent but is significant. 

2.2.4 Antecedent Condition of Catchment 

The condition of the catchment Surface before overland flow starts is 

critical. to the occurrence of both types of overland flow. 

In the Yass study mentioned above, if the catchment was saturated and 
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had a perched water table, high runoff of approximately 60% of t h e 

input rainfall. was observe~ If the catchment was wet, but not 

saturated, only approximately 25% of input rainfall appeared as runoff, 

and if the catchment was dry, then the surface runoff was negligible 

since most of the rainf~ll infiltrated into the ground. This shows 

that antecedent moisture condition of a catchment is an im.portant 

determinant of overland runoff, 

2,3 The Relationship between Overland Flow and Stream Discharge 

A catchment surface is heterogenous and there is usually pronounced 

spatial variation in the infiltration characteristics. Hills (1971) 

measured the infiltration capacity of different soils subject to 

different land uses in s.w. England and found the infiltration data to 

be very variable. 

Pilgrim et al (1979), in a study of the variation of water quality with 

discharge of subsurface runoff, used a radiotracer in a 18.3 x 48.0 m 

field plot near. Stanford, California, and found that there was 

pronounced spatial nonuniformity in flow patterns over the surficially 

uniform plot. Most of the subsurface flow occurred in cracks, along 

roots and small holes that apparently result from decaying roots and 

animal or insect activity. This spatial nonuniformity has important 

consequences. 

Overland flow and runoff have long been assumed to be causally related 

and this assumption is basic to some common methods of hydrograph 

analysis,· The importance of contiguous areas in producing overland 

fbw is well recognised. If runoff from an area producing overland flow 

passes through an area of high infiltration capacity before it can 

reach a stream channel, then the fine particulates that it carries will 

be deposited. If the overland flow producing area is directly 

connected to a channel, the cessation of rainfall will result in the 

pa'.l'.'ticulates being left on the surface which . may then be subsequently 

remobilised by overland flow events. The catchment surface is not 

smooth and the presence of vegetation, leaf litter, wood, stones and 

other materials on the surface may block the flow of particulate matter 
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during overland flow. Overland flow has been demonstrated in many plot 

studies over short distances (Hills 1971, McColl 1979), but it cannot 

be concluded that it would contribute to streamflow, especially in 

rural areas where there is no artificial drainage. Depending on the 

contigual nature of the flow path, and the other factors discussed 

above, a series of overland flow events may be needed to transport 

particulate material from the catchment surface to the stream channel. 

2.4 Transport of Dissolved Phosphorus 

Dissolved phosphorus is transported in overland flow. Phosphorus is 

leached from the surface of growing plants, from leaf litter, from 

decayed plant material, from animal faeces, from applied fertilizer, 

and from the soil itself. 

Barrow (1975) found a phosphorus concentration of 2% in samples of 

faeces collected from merino sheep grazing .on subterranean clover 

pa•tures of which 89% was soluble in o~2M sulphuric aci~ Applied 

fertilizer can also indirectly contribute to the soluble phosphorus 

concentration as a consequence of an increased amount of phosphorus 

leached from plant material with increasing fertilizer use (Holt, 1970 ). 

During the process of overland flow, there is a selective 

transportation of fine particulates, and these have a greater surface 

area to adsorb phosphorus than coarser particles, and this enhances the 

sorption of dissolved phosphorus during overland flow. 

Sharpley et al (1981) investigated the adsorption of solubl~ phosphorub 

by surface soils and suspended sediment material. during transport in 

surface runoff under field and laboratory conditions. They found a 

linear inverse relationship between soluble phosphorus conc:entration 

and the log of sediment concentration for runoff from sev.eral · cropped 

anc. grassed watershed over a wide range of sediment conc~ntrations. 

From this it can be infeired that suspended sediment in runoff c~n 

adsorb the soluble phosphorus during transport. 

Their results also showed that so.rption of soluble phosphorus during 
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transport in surface runoff occurred mainly by the suspended sediments 

being transported, and not by the surface soil over which runoff water 

passes. This was found to be true in watersheds where plant cover 

minimizes contact between surface soil and runoff and also for bare 

soils. The time of contact between suspended sediment and water could 

affect the phosphorus sorption. In laboratory tests the sorption of 

phosphorus by suspended sediment equilibrated. after 40 hours, but in 

field conditions the contact time is usually much shorter. The results 

show that there was a rapid sorption rate initially and after 30 mins, 

48 and 58% of the equilibrium phosphorus sorption had taken place for 

the. two soils they studied. The suspended sediment for these two soils 

had 79 and 73% proportion of clay sized material when dispersed. 

The mechanisms by which soluble phosphorus is adsorbed during surface 

runoff are very important and could partly explain why particulate 

phosphorus comprise such a high proportion of the total phosphorus in 

storm runoff. Johnson et al ( 1976) reported that less than 1 % of the 

phosphorus applied to the land in chemical fertilizer and manure in 

soluble fo.rm left the watershed in dissolved form, and it seems likely 

that the soluble phosphorus could leave the watershed in particulate 

form adsorbed on suspended sediments. McColl et al ( 1975) made similar 

observations. 

2.5 The Role of the Stream Channel 

The stream channel itself acts as an important intervening variable 

between the point where surface runoff enters the stream channel proper 

and the point where the phosphorus flux is calculated, ·usually further 

downstream. This factor has not been recognized in many studies that 

use phosphorus export.coefficients for single land uses to derive loads 

for a composite ~atchment, 

In other studies, rating curves are used that try to predict phosphorus 

concentration or loads from discharge data alone. There is usually a 

lot of unexplained variance in the regression equation used, especially 

during low flows, where seasonal instream. processes may be more 

important than discharge in determining the concentration of 
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phosphorus. 

The river channel has been conceptualized as being both a source and 

sink for phosphorus (Cullen and O'Loughlin, 1982). The channel may act 

as a source of phosphorus under certain circumstances and as a sink 

under other circumstances. During low flow conditions, aquatic plants 

take up dissolved inorganic phosphorus from the water flowing past 

them, but of course such plant bound phosphorus may well be 

remobilized during higher flow events. 

Similarly, Hill (1981) in a 25 month study in the Duffin Creek drainage 

basin near Toronto found that during dry periods of low summer flows, 

about 90% of the dissolved phosphorus input was lost in the stream 

channel during transport to downstream reaches of Duffin Creek. He 

attributed the loss to the sorption of dissolved phosphorus into 

sediments and uptake by aquatic plants. 

Johnson et al ( 1976) measured a decrease in the dissolved phosphorus 

concentration downstream of a sewage treatment plant during . low flow 

periods at Fall Creek in central New York. He attributed the decrease 

as due to dilution, to the reaction of the dissolved phosphorus with 

bottom sediments and biological uptake. 

From these three studies; it is apparent that bottom sediments in the 

channel can act as an effective sink for phosphorus by adsorption and 

that aquatic plants and algae can take up and bind phosphorus in their 

tissues. The growth of aquatic plants and their subsequent uptake of 

phosphorus affects the concentration of phosphorus in the streamwater. 

Under low flow conditions, the growth of aquatic plants and algae is 

not flow related but is more likely to be related to the temperature, 

sunlight, nutrients and other variables. Any attempt to correlate 

phosphorus concentration with discharge under such. conditions would be 

doubtful. 

The river acts as a source of suspended sediments under high flow, but 

this has noi been recognized in many studies of soil erosion. The 

amount of soil erosion has often been quoted as unit loads of tonnes 

ha-1 for a particular. land use which does not recognize· the fact that 
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stream bottom and stream bank erosion contribute a large proportion of 

suspended sediment during high flow events in some rivers. 

Wilkin and Hebel (1982) quoted the findings of two researchers who 

independently came up with the estimate that perhaps half or more of 

the suspended sediment load in two Illinois streams was derived from 

channel bank and stream bottom erosion. 

Grimshaw and Lewin ( 1980) using a method based on the difference in 

colour between stream-derived and catchment-derived suspended sediment 

concluded that over two years of study the channel contributed 40% and 

53% respectively of the suspended sediment loads. 

Eyles (1977) in a study of the erosion and land use in the Burra 

catchment draining to the Queanbeyan river, noted that during 1975 the 

banks of Burra Creek was one of the three main sites of erosion in the 

Burra catchment. 

Stream channel and stream bank erosion is most active during periods of 

high flow when the mechanical energy of the stream flow could actively 

cut into the stream banks and also scour the stream bed of deposited 

sediments. The presence of trees and other obstructions, especially in 

mid-channel can direct and channel flow against the bank and cause 

erosion. Aquatic plants and attached algae will be detached by high 

water velocity, and th• bottom of pools which may contain a lot of 

detritus, may be scoured. 

The suspended sediments may contain soil particles which have been 

newly washed into the channel.by overland flow or come from freshly 

eroded streambank or resuspended material from the streambed which were 

deposited after the last high runoff event~ The freshly eroded fihe 

sediments may have a great capacity to adsorb soluble phosphorus in the 

water to their surfaces, Johnson et al ( 1976) found that the 

percentage of phosphorus in the scspended -e~imen~ in the stream 

channel remained relatively constant during storms at about 0.1 % 

increasing somewhat during low flows, as is shown in Fig 2.2 from that 

paper. 
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Rigler (1979) found a similar relationship between the ratio of 

phosphorus content to the dry weight of suspended solids of from 0.2-

0.3%. This ratio did not vary in the different catchments he studied, 

although the suspended solids concentration ranged from 140 to 2800 

mg/m3. 
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3. THE CATCHMENT OF LAKE BURLEY GRIFFIN 

3.1 Extent and Location 

The Lake Burley Griffin catchment consists of three distinct drainage 

systems:- the Queanbeyan River, the Molonglo River and Jerrabomberra 

Creek. Several other small creeks drain into the lake from the 

immediate surrounds. 

In this study, the three catchments that are of particular interest are 

the catchment of the Mo1onglo Riv-er at Burbong station, the catchment 

of the Queanbeyan River at Wickerslack station, and the nested 

catchment of both the rivers below their confluence at Oaks Estate 

station. These three stations are where stream gauging is carried out. 

The three catchments are 505 km2 , 892 km2 and 1536 km2 at Burbong, 

Wickerslack and Oaks Estate gauging stations respective!~ The 

catchments span from between latitudes 35° 15' and 35° 55' S and 

longitudes 149° 10' and 149° 30' E. It is bounded on the West by the 

Tinderry ranges that separate it from the catchment of the Murrumbidgee 

river, and on the East by the Great Dividing Range separating it from 

the Shoalhaven catchment. 

3.2 The Drainage System 

The catchment has been described in the CSIRO Land Research Series No. 

24, 1969, and e~cept for three fie1d reconnaissances, no field work was 

done. The survey of erosion and land use within the catchment area by 

Higginson .and Emery (1972) was also used. 

The Queanbeyan River is the larger of the two rivers and rises from the 

Gourock Range at an altitude of a:bout 1500 rn on the Rossi and Glenrock 

land systems. The land systems of the area will be described in 

section· 3.3.4. The river flows · in a north westerly direction .for al:out 

26 km throu<;h hilly and rolling terrain on granite and volcanics until 

it nears Bo0lboolma Crossing where it enters the Parkers land system 
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which is hilly country on folded Ordovician and Devonian sediments. It 

then flows in a northerly direction for 56 km passing through the 

Woolcara land system also on folded sediments before entering the 

Gibraltar land system on granite and volcanics near the present 

Goo gong dam. Downstream from Goo gong Darn and also on the Gibraltar 

land system is the Wickerslack gauging station. The river passes 

through the Gundaroo land system and the city of Queanbeyan before 

meeting the Molonglo River near Oaks Estate gauging station. 

The Queanbeyan River catchment is bordered on the west by the 

mountainous Tinderry Range, the highest point being Mount Tinderry at 

1613 m. On the east it is bordered by the Molonglo River catchment and 

the Great Dividing Range. 

The Queanbeyan River has several tributaries. South of Captains Flat 

the Ballinafad Creek flows through the Parkers, Rossi and Muskerry land 

systems. Burra Creek which commences from the northern extremity of 

the Tinderry. Range flows through a number of land systems on folded 

Ordovician sediment, volcanic porphyry and Silurian sediments before 

entering the Queanbeyan River near London Bridge on the southern end of 

the Googong Dam impoundment. The Burra creek is heavily eroded and has 

been a target of the NSW Soil Conservation Service soil conservation 

project (Eyles 1977, Williams 1977). 

The Molonglo River rises from the extreme northern end of the Gourock 

range. south of Parkers Gap. It starts on the Roberts land system · at an 

altitude of about 1200 m and flows thr6ugh the Muskerry, Rossi and 

Parkers land system till it reaches the Captains Flat Pondage, about 10 

km through hills and rolling terrain on volcanics and folded sediments. 

It then follows a northerly course for about 11 km through Gibraltar, 

Schofield and Gundaroo land systems till its confluence with Bal:!.allaba 

Creek where it enters from the undulating terrain on folded Ordovician 

and Silurian sediments to the Arnprior land system on QU.aternary 

alluvium. The Arnprior and Bungendore land systems are plains. The 

river flows through the Arnprior land system for about 16 km before it 

enters the Sc}iofield and Gundaroo land systems at Eleven Mile Turn-off. 

It travels through about 10 km of rolling ~nd undulating terrain on 

folded Ordovician and Silurian sedicients before reaching Burbong 

22 



Simplified geological mop of study Area. 

Stongly folded Ordovician greywacke, slate 

and sands1one 

Slightly folded, mo inly Silurian acid volcanics, 

sediments, and limes1one 

Upper Silurian - lower Devonian granite 

Quaternary 

High-angle reverse fault 

Normal fault 

Fault, character uncertain 

Study Area Boundary 
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gauging station. Burbong station is situated on the Schofield land 

system whilst Oaks Estate station is on the Gundaroo land system, 

3.3 Description of Catchment 

3.3.1 Geology 

A simplified geological map derived from Galloway (1969) is shown in 

Figure 3.1 which shows the distribution of the four major rock groups. 

The Queanbeyan-Molonglo catchment lies within the southern part of the 

Palaeozoic Tasman Geosyncline. Four rock groupings have been 

distinguished in the deposits of the geosyncline, and associated 

igneous rocks. 

a. The Ordovician folded sediments consist predominantly of 

greywacke, slate and sandstone with minor chert, limestone and 

quartzite. 

b. The Silurian succession is dominated by acid volcanic rocks, 

lavas, tuffs and tuffaceous sediments with minor intrusives of 

quartz ... porphyry and porphyry. Slate, sandstone, · limestone and 

minor intermediate and basic intrusives are also included. 

c. The granites include biotite and/or hornblende granite, 

adamellite, granodiorite and tonalite. 

d. The Devonian sandstone, shale and conglomerate with minor 

limestone, greywacke and acid volcanics are generally younger than 

the granites and are only gently folded. 

Quarternary alluvium. of gravel, sand, silt and some swamp and 

lacustrine deposits oc.::;:ur, most extensj.ve1y near carwoola. 
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3,3.2 Relief Categories 

The five relief categories were defined in the 1969 CSIRO study as 

mountains, hills, rolling and undulating terrains, and plains. Table 

3.1 below shows how the relief categories are defined: 

Table 3.1 Relief Categories of Study Area 

-----------------~------------------------------------------------------
Relief Category Modal Slopes Local Relief 

------------------------------------------------------------------------
Mountains >23% >192 m (600 ft) 

Hills 12-25% 96-192 m 

Rolling Terrain 6-14% 64-128 m 

Undulating Terrain 2-7% 16-64 m 

Plains 0-2.5% up to 24 m 

---------------------------·--------------------------------------------

3.3.3 Vegetation 

The natural vegetation of the area is dominated by eucalypts but there 

is little uniformity of eucalypt species. The structure of the 

eucalypts varies according to the environment, from smal.l scrubs to 

trees over 30 m tall ( Story 1969). 

The area is classified as subhumid mesothermal with uniform rainfall 

throughout the year •. Heavy frosts occur during winter especially in 

the valleys, and regular snowfalls occur an altitudes above 1220 m. 

The soil-moisture content is directly related to rainfall and 

temperature. Soil-water relationships are the major determinants of the 

vegetation. 

The vegetation can be classified into · wet sclerophyll forest, 

intermediate sclerophyll forest, dry sclerophyll forest, and savannah 
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3.3.4 Land Systems 

The land systems are delineated using the three broad criteria of 

relief, geology and climate, . as expressed in the vegetation. (Christian 

and Stewart 1953). Table 3,2 shows the geomorphology and the land 

systems of the catchment area~ 

There are 21 land systems within the study area and the area occupied 

by each land system has been measured using a planimeter. Figure 3,2 

shows the areal distribution of the various land systems which are 

described in Appendix A, 

The land systems are in turn broken down into land units, mainly using 

the criteria of relief, The relief is generally broken down into four 

subunits, a sequence of crests and upper slopes, mid slopes, lower 

slopes and valley floors, The soils and vegetation may vary downslope 

within a land system. 

Table 3.2 Geomorphology and Land Systems 

-------------~------~-------------------------------------------------
Relief 

Category 

Geology Land System Area Above Confluence

(km2) 

Quean.R. Mol. R. 

-----------·------------------------------------------------- ·--------
Mountains Folded Ordovician and/ Jinden (J) 30 6 

or Devonian sediments Harrison (Ha) 95 35 

Granite and volcanics Tallanganda(T) 10 15 

Minuma (Mi) 7 

Spring (Sp) 45 

(19%) { 11%) 
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Hills Folded Ordovician and 

Devonian sediments Parkers (P) 180 20 

Woolcara ( w) 185 140 

Granite & volcanics 

Rossi (Ro) 95 45 

Gibraltar (Gi) 55 10 

(54%) (37%) 

Rolling Folded Ordovician and 

terrain Silurian sediments Roberts (R) 40 8 

Schofield (Sc) 55 145 

Granite 

Glenrock (Gl) 75 10 

Wroxham (Wr) 5 

Volcanics 

Muskerry (Mu) 2 8 

Nanima (N) 30 

(22%) (30%) 

----------------------------------------------------------------------
Undulating Folded 0-.:dovician and Gundaroo (G) 5 95 

terrain Silurian sediments 

Granite Braidwood (Br) 25 

Burra (Bu) 5 

Volcanics, partially 

weathered in places Hall (Hl) 15 

( 5%} ( 16%) 

-- . -----. ---------------------------------------------------------------
Plains Quaternary lacustrine 

deposits 

Quaternary alluvium 

Bungendore (B) 

Arnprior (A) 

30 

10 

(7%) 

--~--~---------------------------------------------------------------
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3.3.5 Soils 

The soils of the area have been classified into six major groups and 

25 families. The primary profile form method of Northcote (1974) has 

been used to differentiate the soils on the basis of texture into 

uniform, gradational and duplex profile form (Gunn 1969). 

The soil families have been differentiated according to variations in 

effective depth, thickness of surface horizons, presence of blended 

subsurface horizons, structure, reaction and colour. This criteria is 

not directly related to the.ir susceptibility to erosion. 
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Table 3.3 below shows the soil groups and families in the catchment 

(Gunn 1969), and their distribution can be seen in Fig 3.3. 

Table 3.3 Soil Groups and Families in the Study Catchments 

--------------------·----------------------------------------
Major Group Family Main Characteristics 

----------------------------------------------------------------------
Uniform coarse

textured soils 

Molonglo 

Hillview 

Shallow (<24 in) skeletal 

Moderately deep to deep (>24 in) 

---------------------------------------------------------~------------
Uniform Shallow ( <24 in) 

medium-and Yarrow Skeletal loams and clays 

fine-textured Moderately deep (>24 in) 

soils Bendoura Yellow brown to grey loams and clays. 

-----.-----~----------------------------------------------·---------------
Massive Shallow ( <24 in) 

Colinton Red earths 

Monga Yallowearths. Mottled subsoils 

Moderately deep to deep (>24 in) 

Springbank 

Michela go 

Mongarlowe 

Feagans 

Scottdale 

Curr2. 

Bundong 

Tarago 

Red earths - acid reaction 

Red earths - neutral reaction 

Red earths on alluvium 

Yellow earths~acid mottled subsoils 

Yellow earths-neutral mottled subsoils 

Yell.ow leached earths-acid to neutral 

mottled subsoils 

Yellow leached earths-alkaline mottled 

subs~ils 

Grey and brown earths-acid to neutral 

mottled subsoils 
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Structured red 

and brown soils 

Norongo 

Springfield 

Holymount 

Shallow ( <24 inJ 

Red subsoils-neutral reaction 

Yellow to brown subsoils-acid to 

neutral mottled subsoils 

Yellow-brown strongly alkaline 

mottled subsoils 

Carwoola 

---------~------------------------------------------------------------
Texture

contrast 

soils 

Shallow ( <24 in) 

Nyora Acid to mildly alkaline mottled 

subsoils 

Moderately deep to deep (>24 in) 

Thick (>15 in) sandy or loamy surface soils 

Cowper Acid to mildly alkaline mottled 

subsoi.ls 

Ryries 

Bore 

Strongly alkaline mottled subsoils 

Acid to neutral massive mottled 

subsoils 

Thin (<15 in) sandy or loamy surface soils 

Reidsdale 

Glenco 

Killarney 

Acid to mildly alkaline yellow-brown 

clayey mottled subsoils 

Strongly alkaline yellow-brown to 

brown clayey mottled subsoils 

Strongly alkaline yellow-brown to 

dark grey-brown mottled subsoils 

--------------------. -------------------·------------------------- . ----
Alluvial soils Lyndroy 

Rivervale 

Majors creek 

Uniform coarse textures 

Uniform medium textures 

Uniform fine textures 

----------------------------------------------------------------------
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The major soils groups are briefly described in Table 3.4. 

Table 3.4 Description of Major Soil Groups 

---------------------------------------------------------------------------
MAJOR GROUP DESCRIPTION 

--------~-----------------------------------------------------------------
Uniform coarse-textured 

soils 

Uniform medium and fine

textured soils 

Massive earths 

Structured Red and Brown 

soils 

Texture-contrast soils 

Soils with uniform medium or coarse sand to 

sandy loam texture 

Soils with uniform loam to clay textures 

Soils with gradational textureprofiles, in 

which clay content gradually increases with 

depth, and massive subsoils with earthy 

porous fabric 

Soils with gradatiorial texture profiles. 

Texture grades from sandy to clay loam at 

the aurface to medium or heavy clays in 

subsoils 

Soils which have profiles with abrupt 

textural differentiation between sandy or 

loamy surface horizons and clayey subsoils. 

Also known as duplex soils (Northcote 

1965). Surface soils may set hard 

seasonally. Also easily erod~~ 
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Figure 3.3 Soils of the Study Area 
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3.3.6 Land Use 

The major land use in the catchment is the grazing of sheep for wool 

and meat production. This predominantly rural land use is likely to 

continue because of soil, relief and climatic conditions in the area. 

Cattle grazing is important in the higher rainfall areas {Higginson and 

Emery 1972 ). 

Table 3.5 shows the land use classes within the the major catchments 

draining to Lake Burley Griffin. 

Table 3.5 Land Uses of Catchment 

-----·-+-------------------------------- -------------------------------
Land Use Class 

Area 

Area (hectares) Percentage of Catchment 

-------------- ---------------------------------------------------- .-----
Row Crops 0 0 

Field crops 130 0.1 

Fully improved pastures 11930 7.7 

Semi-improved pastures 15220 9.9 

Native pastures 56975 36.9 

Semi-cleared timber 11570 7.5 

Native timber 57190 37. 1 

Mining 265 0.2 

Urban 1030 0.6 

-----------------------~------------------------------------------------
Total 154310 100.0 

-------. ·--- -------. -------------------------- .------------- .------------. 
( from Higginson & Emery 1972) 
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3.3. 7 Soil Erosion 

The soil erosion in the catchment has been the subject of a survey 

conducted in. 1970 (Higginson and Emery 1972). According to the report 

about 49% of the catchment area is without appreciable erosion. Table 

3.6 shows the area of each erosion class. 

Table 3.6 Area of Erosion Classes 

-------------------- ·-----------· ---------------------------------------
Erosion Class Area (hectares) Percentage of Catchment 

------------------------------------------------------------------------
No appreciable erosion 75650 49.0 

Minor sheet erosion 45990 29.8 

Moderate to severe sheet 

erosion 455 0.3 

Minor gullying 22475 14.6 

Gullying common 5895 3.8 

Gullying ·frequent 2465 1.6 

Severe gullying 85 a. 1 

Mining 265 0.2 

Urban 1030 0.6 

--------------------------------------------------------- ·--------------
Total 154310 100~0 

------------------------------------------------------------------------

* Includes Jerrabomberra Creek (from Higginson & Emery 1972) 

Figure 3.4 shows the distribution of the various erosion classes within 

the catchment. 
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Fiyure 3.4 Erosion Classes in Catchment 
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3.4 Rainfall 

The catchment is relatively well instrumented w;i,th raingauges. Fig. 

3. 5 shows the location of raingauges kept by the Department of Housing 

and Construction. Appendix B shows the type of raingauges, station 

elevation and the length of rainfall record for each station. 

Most of the gauges are the type that must be read daily. The major 

deficiencies encountered in the rainfall data are listed below. 

a) Some of the station records are discontinuous, with gaps of up to 

3 years at station 965 and 6 years at station 938. 

b) Many of the station records obtained from the Department of 

Housing and Construction terminated before the study period, for 

example, stations 931, 936, 916, 914, 959 and 986. 

c) The length of concurrent station records is limited, which makes 

comparison between stations difficult. 

3.4.1 Concurrent Records 

Concurrent records are useful because they can give an indication of 

the spatial distribution of rainfall over the whole catchment which is 

important if the mea.n catchment rainfall is to be calculated. 

Three stations were found to have concurr•nt records of 14 years 

(stations 965, 924 and 960) from 1967-1980 inclusive. Stations 965, 

924, 960 and 939 had 7 years of concurrent records from 1974-1980 

inclusive. 

The 3 years 1967-1969 had the most stations with concurrent records, 

The 9 stations are stations 939, 959, 910, 960, 914; 924, 965, 936 and 
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931, a total of 30 station years. The number of years of concurrent 

records is short, but it will give an indication of the rainfall 

distribution in the catchment for these stations, Table 3.7 summarises 

the result of analysing the monthly rainfall for the 9 stations for the 

years 1967-1969 inclusive. 

Figure 3.5 
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Table 3.7 Monthly Rainfall Variability for Stations with Concurrent 

Records 

Station No 3 yr. mean mean monthly std.deviation coeff, of var. 

(elevation m) annual R/F R/F of monthly monthly R/F 

(mm) (mm) R/F 

----------------------~-----------------------------------------------
910 .(865) 559 49 44 0.96 

939 ( 810) 548 46 35 o. 76 

959(1035) 687 57 49 0.86 

960 ( 1235) 806 67 53 o. 79 

914 (670) 559 47 36 0.77 

924 (745) 612 51 39 o. 77 

965 (795) 544 45 36 0.80 

936 ( 1085) 574 48 35 o. 73 

931 ( 1190) 662 55 43 o. 78 

Table 3.8 shows the mean monthly rainfall for the 9 stations for the 

years 1967-1969 inclusive. 

Table 3.8 Mean Monthly Rainfall for Stations with Concurrent Records 

Month 

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

----------------------------------------------------------------- ·--------
910 33 33 30 53 85 27 28 90 50 68 54 44 

939 35 33 28 39 84 26 30 78 35 63 55 42 

959 38 51 44 69 87 37 29 103 51 73 63 43 

960 46 71 56 78 94 51 32 101 52 87 79 60 

914 32 36 34 47 83 25 27 64 34 79 54 45 

924 51 50 36 41 85 33 30 69 35 74 64 45 

965 37 33 33 40 76 29 24 66 34 71 56 43 

936 50 34 44 33 72 39 28 62 37 50 64 59 

931 57 48 43 52 74 46 25 73 45 56 77 66 

mean 42 43 39 50 82 35 28 78 41 69 63 so 
s.o. 9 13 9 15 8.0 9 2.5 16 8 11 10 9 
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Three years is not long enough to represent the long term pattern of 

rainfall but a few observations can be made from Tables 3. 7 and 3.8. 

i) Elevation is important in determing the amount of rainfall. The 

stations with high elevations receive higher rainfall due to local 

orographic effects. (Table 3. 7). 

ii) The same rainfall producing atmospheric conditions seem to prevail 

over the whole catchment. This is evidenced by the same pattern 

of distribution of monthly rainfall shown by each station. (Table 

3, 8) • 

iii) The monthly variability of rainfall as shown by the coefficient of 

variation is high, ranging form O. 73-0. 90. 

iv) The record is not long enough to establish any seasonality in 

rainfall. 

v) Station 960 has higher mean monthly rainfalls., more than 1 std. 

deviation away from the mean of all stations.· Station 931 has a 

similar elevation but has a much lower rainfall. One probable 

explanation is that station 960 is affected by orographic uplift 

which induces precipitation whilst station 931 and 936 · are 

affected· by . a Fohn effect resulting in rain shadows. The area is 

affected by a west to east movement of low pressure troughs and 

depressions in winter. (McAlpine and Yapp 1969). 

3.4.2 General Climatic Characteristics 

This sectiori is adapted from the CSIRO Land Research series No, 24 

entitled "Lands of the Queanbeyan - Shoal haven area, ACT and NSW" and 

Tables 3.9 to 3.13 summarize the general climatic characteristics of 

the Lake Burley Griffin catchment (McAlpine & Yapp 1969). 
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Table 3.9 Percentage frequency of rain days per quarter with 

rainfall within specific classes. 

Class (cm/rain days) 

Quarter 0.03-0.61 0.64-2.51 2.54-5.05 5.08-10.13 10.16-15.21 >15.24 

--------------------------------------. --------------- --------------·-----
J FM 

A M J 

J A S 

0 N D 

Table 

Quarter 

J F M 

A M J 

J A s 

0 N D 

3. 10 

57.2 

64.7 

70.2 

59.9 

Mean 

33.5 

30.4 

27.1 

33.6 

and maximum 

7.8 

4,2 

2.2 

5.8 

recorded 

1. 3 

0.6 

o.s 
0.6 

length ( days) 

0. 1 

o.o 
o.o 
0. 1 

of rainy 

rainless periods per quarter, 1901-1965. 

Length of Mean No. Length of Mean No. of 

rainy period of rainy rainless period rainless days 

mean max days mean max 

, • 5 7 16 7.6 46 75 

1. 7 7 19 6.7 65 72 

1. 7 7 22 5.0 44 69 

1. 7 7 20 5.5 41 71 

0. 1 

o. 1 

o.o 
0.0 

and 

Table 3. 11 Temperature Characteristics ( oc) 

Jan Feb Mar Apr May Jun J1y Aug Sep Oct Nov Dec 

----------------------------------------------------------------------------
Mean max. 29.3 29.1 25.7 20.4 16,1 12.6 12 14.1 17.3 2.0.8 24.620.8 

Mean min, 12,7 13.1 10,8 6.8 

Mean 21 2 1 ~ 1 18, 2 13. 6 

3.1 a.a -0.1 o.9 3.3 6.1 8.810.9 

9,6 6.7 
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If Queanbeyan is accepted as representative of the Lake Burley Griffin 

catchment, then the following can be inferred from the meteorological 

data. 

i) Little or no seasonality of rainfall can be distinguished. 

ii) Variability of monthly rainfall is highest in high rainfall areas. 

iii) If the year is divided into four quarters, then the first quarters 

show higher rainfall intensities, but in general there are only 

minor differences between stations. The daily rainfa ll 

intensities as the percentage frequency per quarter of rain days 

with falls within specified intervals for Queanbeyan station is 

given in Table 3,9, 

iv) The average and longest length of rainy and rainless periods for 

Queanbeyan station is shown in Table 3,13, A rainy period is 

assumed to be a period of one or more consecutive days in which 

rainfall of more than 0,25 mm is recorded for each day, 

The average length of rainy period does not vary much between 

quarters but the average of rainless period is higher for the 

summer months. The mean number of rainy days is less durinB 

summer and the mean number of rainless days is greater i.n summer. 

v) From iii) and iv) above it can be inferred that the seasonal 

difference in rainfall characteristics are not great for the 

catchment. A real difference could be expected to occur due to 

local orographic effects. 

vi) The mean temperature data for Queanbeyan is given in Table 

3.11. July is the coldest month, and January and February the 

warmest months, This has a great effect on the rate of 

evapotranspiration and consequently the stream flow from the 

catchment. Temperature and Evaporation m~nthly means are shown 

in Fig 3.6. Evaporation is measured with a Class A Pan 

evaporimeter. 
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Figure 3. 7 Average weekly soil moisture storage, Queanbeyan Station 

vii) Fig. 3.7 shows the average weekly soil moisture storage for 

Queanbeyan Station for 1901 - 1965. It has been derived with the 

aid of a computer program which uses estimated area weekl y 

evapotranspiration withdrawal and actual weekly rainfall input. 

The assumptions made are that actual evapotranspiration (ET) is 

related to the estimated evaporation from a standard tank 

evaporation by the relationship ET ""' 0.8 E Std , for weeks with 

storage plus rainfall exceeding 51 mm (2 in), and by ET""' 0,4 E 

std below that level. Soil moisture capacity was assumed to be 

1 2. 7 cm (4 in), on the basis of average soil texture in the upper 

5 - 7.5 cm. Runoff is assumed to occur if the storage is 

exceeded. The authors reported that comparison between the model 

and actual data collected from a weighing lysimeter over a four 

year period 1963-1967 showed good agreement. 

From Fig. 3. 7 it can be seen that there is a marked seasonality in 

the soil moisture storage, with a maximum storage in winter and a 
minimum in summer. This is in contrast with observation i) which 

indicates a generally even mean monthly rainfall distribution. 
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viii Fig. 3. 7 represents average weekly conditions and does not 

indic-te the actual distribution of the variability of soil 

moisture storage. Table 3.12 gives the percentage frequency 

distribution of various specific levels of soil moisture storage. 

Table 3. 12 Frequency percentage of weeks with soil moisture storage 

at specified levels 

Level summer Autumn Winter Spring 

Dec-Feb Mar-May Jun-Aug Sep-Nov 

Full 1 3 8 3 

1-49% depletion 3 22 54 36 

50-99% depletion 48 51 37 54 

empty 48 24 7 

ix) Fig. 3.7 and 'rable 3.15 give weekly soil moisture storage as non

sequential events and hence do not indicate the probability and 

severity of long runs of serious water depletion (droughts). 

Table 3.13 indicates the drought sequence experienced at 

Queanbeyan Station for 1901-1965. A drought is assumed here to be 

a succession of weeks in which the water balance model reveal that 

soil moisture storage remained at or below 90% depletion. 
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Table 3.13 Number of occurrences of droughts of specified duration 

commencing per season. 

Length (weeks). 

Season 4-7 8-11 12-15 16-19 20-23 24+ 

Summer 21 15 13 2 2 

(38, 24)* 

Autumn 15 3 

Winter 2 2 

Spring 7 5 2 2 2 2 

(26,29) 

* actual duration in parentheses. 

Droughts occur most commonly in summer and late spring and could 

be of considerable length. In winter, droughts are rare and 

usually of short duration. 

3.5 Streamflow 

The Molonglo River and Queanbeyan River above the confluence both 

have very long records of streamflow. At Googong station on the 

Queanbeyan River, streamflow records dated back to 1912 and ended in 

1975 when the Googong Darn was being built. Before the gauging 

station was discontinued, another station was established at 

Wickerslack, further downstream. The Burbong station on the 

Molonglo River was established in 1929 and is still operating. Oaks 

Estate station below the confluence was started in 1964 and is still 

operating. Figure 3.8 shows the location of these gauging stations. 

Wickerslack station is only a few kilometers downstream of the now 

submerged Googong station, and for the purpose of subsequent 

analysis, the records of Googong station is used to supplement those 

of Wickerslack station. Googong station provides a measure of 

runoff from an area of 873 km2, Wickerslack an area of 892 km 2• 
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Figure 3.8 Locality map of stream gauging stations 
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3.5.1 Long Term Streamflow Characteristics 

A period of 51 years (1930-1980) of concurrent records at Burbong and 

Wickerslack was chosen to represent the long-term variation in 

streamflow. The results of the analysis using monthly stream flow in 

mm of catchment area are presented in the sections below. 

Table 3.14 Monthly and Annual Streamflows and Variability 

* Station Mean Mth. S.D. of Mean Annual S. D. of 

MA flow 

c.v.+ of c.v. of 

MA flow 

mm 

(Area) 

km 2 

Wicker. 

(892) 

Burbong 

(505) 

Flow 

mm 

11. 6 

8.07 

flow flow(MA) 

mm 

22.6 139. 3 152 

19. 7 96.8 117 

Ratio of Area of Wickerslack stations 1. 77 

Area of Burbong 

* standard deviation 

+ coefficient of variation 

1.95 

2.44 

Ratio of Mean Annual flow/unit area at Wickerslack = 1, 4 

Mean Annual flow/unit area at Burbong 
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Table 3.15 Mean Monthly Flows (mm of catchment area) 

Month 

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

-----------------------------------------------------------------------
Wicker~ 6.7 7.4 11. 5 12.0 10.8 16.5 14. 6 13.6 11. 7 17 .3 10.4 7.0 

Burbong 2.6 3.2 7.5 7.7 7.3 15. 6 9.0 11. 6 1 o. 5 11. 5 6.5 3.9 

Ratio of 

Wick I 

Burb 2.6 2.3 1. 5 1.5 1. 5 1. 1 1.6 1. 2 1. 1 1. 5 1.6 1. 8 

Monthly flows 

------------------------------------------------------------------------

This is presented graphically in Figure 3.9. 

Fig. 3.10 and Fig. 3.11 shows the cumulative departure from the mean of 

annual rainfall for Burbong and Wickerslack Stations respectively.· The 

lines joining two points (years) are only drawn for convenience of 

interpretation. A positive gradient line indicates that arinual 

discharge for the year indicated by the higher point number (year) is 

above the mean annual discharge and vice versa. For example, in 1975 

a~d 1976 the annual discharge were higher than the long-term annual 

discharge for both stations but 1977 was a year of below long-term mean 

annual discharge. 

3.5.2 Streamflow. Cha:i;-a,cteristics during Study Period 

The study period extended from August 1975 to. January .1977, a total of 

18 months~ .. The results of the analysis of streamflow data for this 

period obtained fro~ the Department of Housing and construction is 

presented in the subsections below. 

Figure 3.12 shows the flow duration curves based on the mean hourly 

discharge at the time of ~ampling for the 18 months of the study 

period. 
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Figure 3.9 Mean monthly rlow 
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Figure 3.11 Cumulative departure from mean flow - Wickerslack 
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The mean daily discharge hydrographs for the three stations for 197 5 

and 1976 are shown in Figures 3.13, 3.14 and 3.15. The markers on the 

time axis correspond to days of sampling. 

Figure 3. 13 Mean daily discharge hydro graphs for Burbong 

I iS I, 
I 

i 

~ I I i \ 

TI / ~ 
" 

~ .¥ 
1 .,-Y I 

I 
; I 

f ~ ) 
~ . ! : 

~"' 
! ~ 

; 

L <.:> ::; z 1~ 0 " a, 
a:: I ::, 

I 
a, 

t;j 

a:: 
4J ~ ; 
> a: 
0 \ __J 

Cl g 
"' "' 0 ::, a) 

2 C 

I 
CJ) 
u 
4J 
2 ::, 
u 

~ ,,; 
j 

~ <D ~ ... I ... 
4J ~ ~ 
<.:> a:: 
<( 

!~ 
:c u 
CJ) 

0 
~ 

2 

I ) 

<( 
4J 
a:: 
f-

"' 
"' 

:J 
0 ,._ 

!i ► 0 :f .. ;;: " 0 z 
z 
Q 
f-
;! 

"' CJ) 

~ 
. .. 

I 

I 

I I "' 
~ i i 

C a 

I~ , I 
! ; 

.. ... 
: i I , 

~ 

; ;_,Y 
i ; I 

~ "' "' 'I '\ --. 
~ 

0 :a 2 0 ~ :a ;; 0 0 0 g 
~ 

~ ;; ,;, 
~ 9 

53 



Figure 3.14 Mean daily discnarge hydrographs for Wickerslack 
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Figure 3.15 Mean daily discharge hydrographs for Oaks Estate 
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3.6 water Quality Data Available 

A number of water quality indicators were available. Some of the data 

were collected on site whilst others were determined in the laboratory. 

The water quality data available could be divided into physical and 

chemical data. 

3.6.1 Chemical Water Quality Data 

Various fractions of the phosphorus were determined, as described in 

the report by Cullen et al ( 19 78 ) • 

Figure 3.16 shows the digestion techniques used for the differentiation 

of phosphorus forms. 

SAMPLE 1----------- --.--~ acid persulphate digestion 

and colorimetry 

filtered 

(0.45 m membrane) 

filtrate 

direct 

DISSOLVED 

REACTIVE 

PHOSPHORUS 

(DRP) 

TOTAL 

PHOSPHORUS 

(TP) 

H2S04 

hydrolysis 

& colorimetry 

DISSOLVED 

ACID-DIGESTED 

PHOSPHORUS 

(DADP) 

acid persulphate 

digestion and 

colorimetry 

TOTAL 

CISSOLVED 

PHOSPHORUS 

(TOP) 

Figure 3. 16 Analytical scheme for differentiation of phosphorus forms 
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The forms of phosphorus found directly by analysis were: 

i) total phosphorus (TP) 

ii) total filterable phosphorus (FP) 

The form of phosphorus found indirectly was: 

iii) particulate Phosphorus = TP - FP 

Table 3.16 is a stati~tical summary of the untransformed and log 

transformed P data for the 3 stations and are not flow weighted. On 

some sampling days no data was recorded for some P forms and this 

results in the differences in the number of observations within and 

among the stations. 
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Table 3.16 Statistical Summary of Phosphorus Data 

----------------------------------------------------------------------------
P Forms 

Statistics Station TP FP PP LGTP LGFP LGPP 

----------------------------------------------------------------------------
No. of Burb. 

observations Wick. 

Oaks. 

70 

74 

72 

66 

64 

61 

61 

63 

61 

70 

74 

72 

62 

64 

61 

59 

62 

59 

----------------------------------------------------------------~------------
Mean Burb. 

Wick. 

Oaks. 

20.5 

26. 1 

33.9 

6.8 

9.7 

11.9 

14.6 

18.3 

25.1 

1. 07 

1. 28 

1.38 

o. 72 

0~88 

0.96 

0. 81 

1. 02 

1. 16 

----------------------------------------------------------------------------
Standard Burb. 40.6 7.0 39, 7 0.40 0.34 0.47 

deviation Wick. 29.6 7.9 26.9 0.31 0.31 0.46 

Oaks, 45.7 9.7 44.3 0.31 0,31 0.42 

----------------------~-----------------------------------------------------
coeff. of Burb. 1. 99 1.03 2.72 0.37 0.47 0.58 

variation Wick, 1. 14 0.81 1. 47 0.24 0.35 0. 45 

Oaks. 1.35 0.82 1. 76 0.22 0.32 0.37 

---------------------------------------. ------------------------------------
Minimum Burb. 1 0 0 0 0 0 

value Wick. 3 1 0 0,48 0 0 

Oaks. 6. 0 0.78 0 0 

----------------------------------------------------------------------------
Maximum Burb. 311 39 293 2.49 1.59 2.47 

value Wick. 182 47 156 2.26 1. 67 2. 19 

Oaks. 316 46 293 2.50 1.66 2. 4.7 

----------------------------------------------------------------------------
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3.6.2 Physical Water Quality Data 

A number of physical water quality parameters were collected. Field 

measurements were carried out for temperature, dissolving oxygen and 

pH. Temperature and dissolved oxygen measurements were carried out 

throughout the study period whilst pH was only recorded starting from 

March 1976. Turbidity was measured in the laboratory on shaken samples 

collected no more than 3 hours previously. These were done only from 

October 1975 onwards. Cullen et al (1978) 

The dissolved oxygen and pH data have been excluded from further 

statistical analysis. The dissolved oxygen content of the water is 

very variable with a marked diurnal variation and it is considered t hat 

it will not have a significant contribution in a multiple regres.sion. 

An examination of the dissolved oxygen data showed that the percentage 

saturation of oxygen is very high, over 90% saturation at the measured 

water temperature. 

Similarly, the pH values do not vary much over the study period. 

Table 3.17 is a statistical summary of the physical water quality data 

available. 
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Table 3.17 Statistical Summary of Physical Water Quality Data 

----------------------------------------------------------------------------
Physical quality data 

Statistics Stations D.O. 

Turbidity Temp. o.o. % saturation PH Log Turb. 

----------------------------------------------------------------------------
No. of Burb. 

observations Wick. 

Mean 

Standard 

deviation 

Coeff. of 

variation 

Minimum 

value 

Maximum 

value 

Oaks. 

Burb. 

Wick. 

Oaks. 

Burb. 

Wick. 

Oaks. 

Burb. 

Wick .• 

Oaks. 

Burb. 

Wick. 

Oaks. 

Burb. 

Wick. 

Oaks. 

65 

64 

63 

10.6 

13.9 

19.1 

29.4 

20.5 

34.1 

2.8 

1. 5 

1. 8 

0.8 

1. 3 

1 • 1 

200 

115 

220 

78 

77 

74 

70 

71 

68 

15.5 9.3 

15.5 10.0 

15.0 9.6 

6. 3 1. 62 

6.1 1.73 

5.9 1.68 

0,4 0.17 

0.4 0.17 

0.4 0. 17 

5.2 7.0 

4.6 6.2 

s.o 6.8 

25.2 12.7 

24. 3 13. 9 

25,3 12.7 

70 

71 

68 

90.6 

95.3 

93.3 

5.95 

12. 1 

6.26 

0.06 

0.13 

0.07 

80.2 

73.7 

72.9 

103.3 

109.0 

106. 5 

50 

49 

49 

7.48 

7.69 

7.62 

0.51 

0.43 

0.37 

0.07 

0.06 

0.05 

6.2 

6.4 

6.5 

8.40 

8.75 

8.2 

65 

64 

63 

0.54 

o. 86 

0.96 

0.50 

0.48 

0.49 

0.92 

0.56 

0.51 

-o. 10 

o. 11 

0.04 

2.30 

2.06 

2.34 

-------------------------------------------------------------------------
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4. METHODS OF ANALYSIS 

4.1 Hydrologic Variables 

The streamflow is measured continuously at three automatic gauging 

stations operated by the Department of Housing and Construction. 

This data can be presented and analysed in several ways which will 

be discussed below. Meteorological data is generally from Canberra 

Airport or Queanbeyan meteorological stations. 

4.1.1. Mean daily flows 

Mean daily flows (MDF) were computed by the Department of Housing 

and Construction for the gauging stations at Burbong, Wickerslack 

and Oaks Estate. 

The MDF satisfactorily represents the instantaneous discharge during 

low baseflow conditions, but during floods where there is a rapid 

rise in stream hydrograph, it is not an acceptable substitute for 

the instantaneous discharge. 

The streamflow responds rapidly to rainfall. At Burbong during the 

October 1976 flood, the peak discharge was reached 19 hours after 

the start of hydrograph rise, and the recession was also rapid. In 

such cases the instantaneous flow rate can vary tremendously from 

the MDF calculated for . the day, depending on the time of sampling. 

This is further complicated if the flood peaks near midnight since 

the MDF is calculated from midnight to midnight for the day 

indicated. 

The mean daily flow is used extensively in many studies because the 

data is readily available from most stream gauging authorities and 

water quality stations are consequently sited near stream gauging 

stations. The MDF is also a convenient time interval for total flux 

calculations. 
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4. 1 .2. Mean hourly flow 

Mean hourly flow (MHF) data are also available for these gauging 

stations. This data better represents the instantaneous discharge 

than the daily flows. 

During the water quality sampling, a sampling run usually reached 

Wickerslack station by about 9.00 am, Burbong station by 10.00 am 

and Oaks Estate station by 11.00 am. The mean hourly flow for the 

period 8.00-9.00 am, 9.00-1~.00 am and 10.00-11.00 am was read from 

the MHF t ·ables for the three stations respectively on sampling days. 

There may be variations in the actual timing of specific sampling 

runs but the MHF for these periods will be more representative of 

the actual discharge than the MDF. 

4. 1. 3. Rate of Change of Flowrate 

The rate of change of flowrate (RCF) is derived as half of the 

difference between two readings of MHF. This gives a mean flowrate 

change of m3 sec-1 hr-1. A positive entry shows that the streamflow 

is increasing and a negative or zero entry shows that the streamflow 

is decreasing or steady. 

This variable is included to test whether such a measure can explain 

some of the variance commonly found in concentration-discharge 

relationships. 

4. 1 .4. Total rainfall for preceding two days 

Rainfall is the main driving force for the transport of phosphorus 

from the catchment surface, This variable (2DRF) reflects this 

rainfall input over any two day period, and as would be expected, 

the 2DRF was highly correlated to the mean daily flow. 
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The 2DRF is obtained as follows: 

( a) Burbong station: The rainfall analysis in Section 3.4 showed 

that the catchment is affected primarily by the same rainfall 

events and that elevation affects the relative amount of 

rainfall. The catchment is 505 km2 in area, and so it was 

decided to use a simple procedure to derive 2DRF from the 

available daily rainfall records. 

The total rainfall for the two days preceeding each sampling 

day was obtained for the rainfall station at Parkers Gap, 

representing the higher elevation areas and at Woolcara, 

representing the lower elevation areas. Their average was then 

taken to represent the 2DRF for the Burbong sub-catchment. 

(bl Wickersiack stati6n: The same procedure was used, using 

rainfall stations at Tinderry and Burra. 

{cl Oaks Estate station: Since the sub-catchments at Burbong and 

Wickers lack make up 91 % of the total catchment area at Oaks 

Estate, the 2DRF was taken to be the area weighted sum of the 

2DRF for Wickerslack and Burbong stations. 

4. 1. 5. Byram-Keetch Drought Index 

The Byram-Keetch Drought Inciex (BKI) for tr.e Canberra region is 

derived by the Bureau of Meteorology and was used in this analysis 

as a possible indicator of.the antecedent soil moisture condition of 

the catchment. This index is used in Australia as an indicator of 

the bushfire danger in summer months and it gives an indication of 

the moisture condition at the catchment surface. A high value 

indicates high fire·danger. The index used is that derived for the 

Canberra region from rainfall and temperature data recorded at 

Canberra Airport. The index is derived as follows and expresses 

moisture deficit in mm of catchment area. 
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(a) maximum temperature and total rainfall for the 24 hours to 9.00 

am for the day of sampling are obtained. 

(b) to account for interception and other losses, 5 mm of rain is 

deducted from the daily rainfall. If the rainfall is less than 

or equal to 5 mm, then no "significant rain" is recorded. 

Significant rain is taken to be the daily rainfall less 5 mm. 

(c) Drought Factor Tables have been established for different 

regions. In this case the table used was that for areas with 

annual rainfall between 508 and 761 mm. 

(d) a new number (Yest - Sig. rain) is derived by subtracting the 

significant rain from the drought index of the previous day. 

(Y est). 

(e) using this new number and the maximum temperature, a drought 

factor which ranges from 0-8 mm, is read from the table. 

(f) the drought factor is considered as an increment to the BKI and 

expresses moisture deficiency due to evapotranspiration losses. 

( g) The Byram-Keetch drought index for the day is then the sum of 

(Y est - Sig. rain) and the drought factor. 

This index is an indicator of the cumulative deficiency in soil 

moisture for the area represented by the rainfall and temperature 

regime, and this is assumed to approximate the soil moisture 

deficit over the entire catchment. 

4.2 Streamflow Separation 

Streamflow is the major transporter of phosphorus from a catchment, 

as was discussed in Chapter 2. Since continuous streamflow is 
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relatively easy and cheap to obtain, many researchers have tried to 

correlate it with limited phosphorus data in the hope of obtaining a 

significant phosphorus - discharge relationship. If such a 

phosphorus -discharge relationship could be obtained, then it could 

be incorporated into a model which would allow the phosphorus 

loading to be readily calculated for any flow without expensive 

chemical sampling. Load calculations could then be done for any 

pP.riod of past streamflow record or even be used as a predictive 

model in conjunction with streamflow generation models. 

This approach has not in general been successful, and the regression 

equations obtained using simple linear regression are only able to 

account for a small proportion of the variance (ie. r2 values of 

less than 0.5). There is normally a lot of scatter especially when 

the discharge is low under baseflow conditions. 

Another approach is to separate the discharge hydrograph into its 

two main components, quick response stormflow (quickflow) and 

baseflow. Tl].ere is merit in this approach because particulates can 

only enter the stream with overland flow which makes up the major 

portion of the quickflow response, Many studi.es have also shown 

that during periods of high discharge when the quickflow component 

predominates, most of the total phosphorus is as particulates. 

During such an event instream scouring is active in detaching 

particulates. Therefore it is expected that the total phosphorus 

and particulate phosphorus concentration would be more closely 

correlated with the quickflow component of the discharge hydrograph 

than the overall discharge. 

4.2.1 Separation Techniques Based on Chemical Data 

Severai methods of hydrogr3.ph separation have appeared in the 

literature (Nakamura, 1971). Each is based on some catchment 

characteristic, such as chemical mass balance, or electrical 

conductivity data. Considerable data is needed for such methods 

which makes them impractical for most studies in which streamflow 

65 



separation is not the main objective. 

4.2.2 Engineering Hydrology Methods of Streamflow Separation 

Many arbitrary methods of hydrograph separation have been used in 

engineering hydrology ( Linsley and Franzini, 1979 ). These methods 

may be adequate for engineering design purposes, but are not 

adequate for research into nutrient exports. 

4.2.3 Numerical Methods 

A mathematical approach to hydrograph separation have been followed 

by some researchers, At the CSIRO Division of Water and Land 

Resources, a general purpose data filtering program called BASUM has 

been used to separate streamflow data into quickflow . and baseflow 

components. It is a numerical procedure and the choice of the 

appropriate level of fil~ering is a decision for the.user. ~uch 

decisions should be based on a detailed knowledge of the catchment. 

There is no physical basis for this numerical solution. During 

periods of floods it could be expected that the baseflow component 

would decrease because of a negative hydraulic pressure gradient 

but the BASUM method shows an increase in baseflow. 

In spite of this and some other inconsistencies, it has the 

advantage of being highly reproducible, and can be applied to long 

periods of streamflow records. 

The program BASUM was applied to the mean daily discharge record at 

Burbong, Wickerslack and Oaks Estate Stations for the 3 years 1975-

1977. The level of filter~ng used was 1 pass at a level of 0.9. 

The result of this hydrograph separation was used in subsequent 

analysis. 
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4.3 Statistical Procedures 

During this study the Canberra College of Advanced Education 

operated a Burroughs B6700 computer which operated a sta tis ti cal 

program called BASIS (Burroughs Advanced Statistical Inquiry 

System). Most of the commonly used statistical procedures are 

contained in this system, and the various statistical procedures 

used in the analyses are outlined below together with the variables 

used. 

4.3. 1 Simple Linear Regression 

This procedure obtains the linear relationship between stream 

discharge data and the phosphorus concentrations. The streamflow is 

treated as the independent, or predictor variable, and the 

phosphorus data as the dependent variable. There are a number of 

ways of doing this, using either the raw data or by transforming 

the data in some way such as a log transformation to normalize the 

data sets. 

The correlation coefficient (r) and the coefficient of determination 

(r2) are commonly used measures of the goodness of fit of regression 

relationships are have been used in this study. 

4.3.2 Multiple Linear Regression 

Linear regression analysis using only discharge data has not been 

found by most workers to be very succesful and this has led 

researchers to try other variables like temperature, antecedent 

soil-moisture conditions, rainfall related variables and discharge 

related variables. These are all done in an attempt to further 

improve the regression and increase the amount of variance 

explained. The resultant regression could be assessed using the 
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methods outlined in the previous section and in addition the change 

in the r, r 2 and SEE values can be used in determining the 

usefulness of additional variables. 

Generally the rand r 2 values could be increased if additional 

independent variables are added and this is why some statisticians 

advocate the use of adjusted rand r 2 values, a measure that 

recognises the number of independent variables in the model. 

1- (n-1) (SEE ) 

adjusted ( n-p) ( SSTO) 

Where r 2 = adjusted coefficient of multiple determination 

n = number of observations used 

p = number of independent variables used 

SEE error sum of squares 

SSTO = total sum of squares 

(from Neter et al. 1979) 

4.3.3 Stepwise Multiple Regression 

This is a variation of the multiple regression procedure which 

provides a means of choosing independent variables that yield the 

best prediction possible with the fewest independent variables. The 

program does a forward s.election by first forming a correlation 

matrix, finds the best predictor (the independent variable with the 

highest correlation with the dependent variable) and performs a 

regression analysis with this predictor. The second best predictor 

(the independent variable with the second highest correlation with 

the dependent variable) is then found and a regression ana l ysis 

using the multiple correlation of the two best predictions is 

performed. 

The significance of a variable that is being considered for entrance 
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into the regression equation is measured by the F statistic. If F 

is smaller than a predetermined value, the variable is not added to 

the regression equation. The significance of variables already in 

the regression equation may change as new variables are added so the 

significance of the variables currently in the equation is also 

measured by the F statistic and if the F value is smaller than a 

predetermined value, the variable is removed from the equation. 

This is an an automatic selection procedure and it is possible to 

include as many variables as possible in the hope that the procedure 

will give an acceptable regression equation. This procedure can 

give misleading results if not used carefully, especially if the 

supposedly independent variables are correlated or if a variable is 

a linear co.mbination of variables already present. 

4.4 Assumptions of Regression Models 

Regression models have been used extensively on many s~udies of 

phosphorus and sediment transport. The regression model in the form 

of a rating curve is used in conjunction with streamflow data to 

estimate the load that is passing through the point where the 

streamflow and concentration data are obtained. In order to derive 

a satisfactory and valid rating curve, the researcher has to ensure 

that the assumptions implicit in linear regression models are not 

violated. 

4.4.1 Assumptions of linear regression models 

The general linear regression model gay be represented by t~e 

equation. 

y a + k where 

69 



i=l 

Y is the dependent variable. 

x1 , x2 ••••• xk are . the k independent variables. 

a and bi are the regression coefficients, 

and e the error term. 

The error term may be interpreted as the effects of unspecif~ed 

independent variables or a random element in the relationship 

specified (Poole and O'Farrell, 1970 ). 

The classical linear regression model as discussed in most textbooks 

such as Seber (1977), or Draper and Smith (1966), assume that the 

xi variables can be specified and can be held at certain fixed 

values as dictated by the experimenter or researcher. 

This assumption of a 'fixed' xi variable is only practical if the 

experiment is specifically designed and the variable can be 

controlled. In the present application of the model, the 

independent variables cannot be controlled by the researcher and is 

a near·random variable.· This is a variation of the classical model 

and is called the 'random X' model by Poole and O'Farrell (1970). 

The other assumptions to be satisfied for proper application of the 

model depends on the use to which the model is used and can be 

broadly classified into predictive regressions or functional 

regressions as described by ·. Ricker ( 1973 ). 

In predictive regressions, the aim might be to: 

(i) compute point estimates, 

(ii) derive an interval estimate;or 

(iii) to test a hypothesis. 

Point estimates of the regression coefficients might be needed in 

order to derive a regression equation. This is the usual use of the 
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regression equation, to identify a rating curve where for a given 

value of discharge (and other variables) the expected. or mean value 

of Y is predicted. 

Other uses are to obtain an estimate of the variance of the Y 

variable for interval estimation, to test a hypothesis, or to obtain 

the correlation coefficient r or the coefficient of determination 

r2. 

The method of least squares is usually used to obtain these 

estimates. It has been shown that this method derives the best 

linear unbiased estimates of the expected value of Y, and also 

unbiased estimates of the variance of Y and r (Wannacott and 

Wannacott, 1972 ). 

The following are the assumptions: 

i) The Xi and Y are observed without measurement error. This 

means that all the variance is due to natural variability. 

This requirement is usually relaxed, which require that only Xi 

be known without measurement error. 

ii) The relationship between Xi and y are linear. 

iii) The conditional distribution of the error term e has a mean of 

zero. 

iv) The variance r 2 of the conditional distribution of e is 

constant for all values of Xi. This is the homoscedasticity 

assumption. 

v) The e's are serially independant and not autocorrelated. 

vi) The conditional distribution of e is ncrmal, which means that Y 

has a normal conditional distribution. For the 'random' X 

model, the marginal and conditonal distribution of each 

variable.· should be normal which implies that for a two-variable 

model, the variables are bivariate normal. A bivariate normal 
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distribution is also necessary for inferential analysis on the 

correlation coefficient. 

vii) The requirement that the X variables be fixed is very 

restrictive and some authors eg. Wannacott and Wannacott 

(1972), Neter et al (1978) have suggested that the regressions 

are valid for the 'random' X model provided that the Xi is 

assumed to be independent of a, band r 2; and X and the error e 

are independent. 

viii)For multiple regressions, the independent variables should be 

linearly independent of each other. If this is not satisfied, 

then multicollinearity is said to be present. 

4.4.2 Measures of fit in linear regression 

Computers are used extensively in linear regression analysis and 

most modern statistical packages contain routines for linear 

regression. These programs are easy to use and allow repeated 

calculations to enable different models or combinations of variables 

to be tested with relative ease once the data file has been created. 

Most such programs give an output of the major statistics that are 

associated with linear regression. The following discussion 

introduces some of the statistics that are used as a measure of the 

fit of the data to the model and their relative merits. 

The correlation coefficient (r) has been reported widely in mapy 

papers and often is the only statistic quoted to give an indication 

of the fit . Strictly speaking, the correlation coefficient r 

measures the degree to which the variables are linearly related. It 

is an index that gives an immediate picture of how closely the two 

variables move together. The population correlation coefficient 

cannot be inferred from the sample correlation coefficient r if the 

two variables are not bivariant normal. 
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In the present analysis, even if the streamflow and phosphorus are 

log transformed, the assumption that they both came from a bivariant 

normal distribution cannot be justified and therefore the 

correlation coefficient r is meaningless. 

The coefficient of determination (r2 ) measures the amount of 

variation about the mean Y-value explained by the regression 

equation. The term 'explained' does not imply a cause-effect 

relationship. The coefficient r 2 is equal to the ratio of the 

regression sum of squares to the total sum of squar~s in the ANOVA 

table. 

It is not subjected to the same normality assumption as the 

coefficient rand is preferred over r because it measures the amount 

of explained variation due to the independent varial:)les. The r2 can 

also be used to measure the proportional increase i~ explained 

variance associated with the use of a further independent variable 

in a multiple regression. 

There is a tendency in the literature to use r instead of r2. For 

an r2 other than O or 1, r 2 < /r/. r giving the impression of a 

'closer'· relationship between X and Y than the corresponding r 2. r2 

is often expressed as a percentage. 

The Standard Error of Estimate (S) is obtained from the residual 

mean squars s2 and is an estimate of the variance about the 

regression line. It would be an unbiased estimate if the model is 

corr~ct but would be an underestimate otherwise. 

s = {residual mean square)· 1 /2 

The statistic Sis important because it me:1.sures how close the 

scatter are about the regression line and together with the t

distribution are used in c6nfidence interval estimation. The 

smaller • the value of S, the narrower the confidence interval for a 

given significance level. 
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This statistic can be used to measure the decrease in variation 

about the regression due to the addition of an extra independent 

variable. A decrease ins would increase the precision of the 

resulting equation. 

Sis sometimes expressed as a percentage of mean Y. Thesis scaled 

according to the mean i/ and for a given S, the percentage would be 

large if the mean Y is small. 

The use of S has seldom appeared in the literature. This is an 

important statistic and should be tabulated along with the others. 

The t-test can be used to test the null hypothesis that the 

regression coefficient bis equal to b 0 , where b 0 is a specific 

value and could be zero, against the alternative that bis different 

from ho· It is a two-sided test and in the present analysis; b0 is 

zero. 

In multiple regression, the t-value associated with each variable 

measures the significance of each variable in the regression. This 

value is tabulated and the confidence level is also shown. 

The F-ratio measures the significance of the overall regression and 

is the ratio of the explained to unexplained variance. 

The t-value is related to the F-ratio by the relationship 

t = ~ p0.5 (Wannacott and Wannacott 1970) 

To d6 the t-test for the regressiori coefficient of a newly added 

independent variable, the va.riance ratio is calculated. 

74 



F = additional variance explained by newly added. variable 

unexplained variance 

The t-value is found from the relationship above and is then tested. 

4.4.3 The Examination of Residuals 

This aspect of linear regression has often been neglected. The 

residuals ei are defined as the n differences. i = 1, 2 ••• n where 

Y is the observed value and Yi is the corresponding fitted value 

obtained from the fitted regression equation. 

If the model is correct, the ei can be viewed as the observed error. 

Draper and Smith (1966) and Neter and Wesserman (1974) have 

recommended that one of the best ways of examining the residuals is 

that they be plotted in gi·aphical form as in: 

(a) an overall frequency plot to test whether the marginal 

distribution of the ei are normal. 

(b) a time sequence to detect any linear trend in time or changing 

variance with time. 

( c) against the fitted Yi value. 

( d) against the indeptmdent variable and also other variables which 

the researcher think might be useful. 

There are also statistical tests that could be.p~rformed and briefly 

they are: 

(a) examination of runs in the time sequence plot of residuals. 
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(b) the Durbin-Watson d-statistic for autocorrelation between 

adjacent residuals. 

Draper and Smith (1966) give a good discussion of the examination of 

residuals which is a very useful step in regression analysis because 

it allows the researcher to determine whether the assumptions appear 

to be violated or not, and it may also suggest ways of improving the 

regression. 

4.4.4 Spurious Correlations 

A spurious correlation is any apparent correlation between variables 

that are in fact uncorrelated or are only weakly correlated. 

One common cause of spurious correlation is the clustering of data. 

For example, Table 5.1 shows that for TP at Burbong Station, the r 2 

is very high (r2 = 0.928, r = 0.963 ). An examination of the 

scatter-plot 'would reveal that the majority of· the data are 

concentrated on the lower left-hand corner of the plot and that the 

regression line is determined by the four high discharge data 

points. The correlation without the four points is near zero. This 

is one example of the importance o.f plotting the scatterplots and 

visually examining the data instead of only looking at the r value. 

The high S statistic and the high S/1 percentage ratio also warns 

against using the regression equation~ The inclusion of 

scatterplots together with the tabulated regression statistics is 

important for this reason, 

Another family of spurious correlations is identified by Haan (1977) 

and show the spurious correlations that can result when two 

variables are not jndependent of each other. 

The most frequent occurrence of spurious correlation in the rating

curve literature is the case where the dependent variable is a 

function of the independent variable. 
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This is the load rating-curve whereby the load which is the product 

of concentration and discharge is used as the dependent variable. 

In the limiting case where the correlation between the two 

variables is zero, the resulting r 2 is at least 50%. Kenny (1982) 

used the term spurious self-correlation to distinguish the spurious 

correlation from using a common variable from the other types of 

spurious correlations. 

Loughran ( 1969) 11sed 'wash load' rating curves to measure the 

fluvial erosion in five small catchments near Armidale, N.s.w. and 

reported r > 0.9 for all his rating curves. This is clearly a case 

of spurious self-correlation. In recent years, the use of load 

rating-curve have reduced as more researchers become aware of 

spurious self-correlation (Walling 1977). 

Other examples of possible spurious correlations exist in the 

literature. Olive and Walker (1982) quoted the work of Langbein and 

Schumm (1958 l who studied the relationship between sediment yield 

and effective precipitation and that of• Douglas ( 1966) who graphed 

suspended· sediment loads against both runoff and mean annual 

precipitatior.. 

The runoff or stream discharge is very closely related t6 the 

precipitation and since the yield or load is a function of 

concenttation and discharge, the relationship ~erived could be 

spurious. The close relationship between rainfall and runoff is the 

basis of the many different .rainfall-runoff models used .in hydrology 

(Chow 1964) . 

Hoare (1982) found that the logarithms of the TP load carried by a 

flood and.the peak rate of the flood were highly correlated (R = 

0.984). The stream studied was the Ngongotaha stream in New Zealand 

which has a very 'peaky' hydro graphic response to rainfall. It is 

therefore no surprise that a high r is obtained because the high 

peak discharge would dominate the TP loads. Other studies have 

tried to relate total load carried by a flood and the total volume 

of flow during a flood. 
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5.RESULTS 

5,1 Correlations between Phosphorus Concentration and Streamflow 

A statistical approach has been used in analysing the data. In this 

section, the results of regressions and correlations done using 

different combinations of variables will be presented. 

5.1.1 Relationships between Mean Hourly Flow and Phosphorus 

Concentrations 

The results of simple regressions performed on the raw untransformed 

data for the three dependent variables of TP, FP and PP against the 

mean hourly flow (MHF) at the time of sampling at the three stations is 

shown in Table 5.1 

The high r 2 values for TP and PP suggests that a large proportion of 

variance is explained by the regression line. FP does not show high 

correlation with the MHF, Even though the regression coefficients (b) 

are • significantly different from zero, the standard . error of. estimate 

($EE) are high and in •11 cases represents over 45% of the mean 

response (y). A high SEE value in turn will. lead to a large confidence 

interval which is not desirable for prediction purposes. 

Fig. 5.1 shows the scatterplot of TP, PP & FP at Bur bong Station and 

is representative of the·relationship for all three stations. It shows .,. 

a grouping together of the majority of the data points on the lower 

left hand corner of the plot with a few data points of high MHF and 

phosphorus concentration determining the regression. One of the 

assumptions in using linear regression discussed in section 4.4.1 is 

that the Y-variable be normaily distributed. . This requirement has been 

severely violated in this case which makes the high r 2 values spurious. 

The form of the plots · suggest that a polynomial equation might better 

represent the relationship but it too suffers from the same 

deficiencies, 
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Statistically, the data can be considered as consisting of a population 

of those data points grouped on the bottom left of the scatterplots and 

the other points as outliers. Using a suitable transformation these 

outliers could be made into the one population. 

Table 5.1 Simple regressions of TP, FP and PP vs. MHF 

De_p=n.dent station a b r2 SEE see t-value No. of 

variable y (sig. d:Jservations 

% level) 

:aJrb. 12.70 1.16 92.8 10.90 53.3 29.8 (*) 70 

TP 

Wick. 19.13 1.08 72.8 15.47 59.3 14.0 (*) 74 

~- 23.95 a.so 85.5 17.42 51.3 20.4 (*) 72 

BJrl:,. 6.27 0.07 12.4 6.56 96.4 3.2 (99.8) 66 

FP 

Wick. 8.48 0.17 29,3 6.61 68.1 5.2 (*) 64 

~- 10.92 0.04 12.9 9.08 76.6 3. 1 (99. 7) 61 

Burl>. 6.37 1.09 97.2 6.61 45.2 45.9 (*) 61 

pp 

Wick. 11.87 0.90 71. 3 14.41 78.6 12.5 (*) 63 

CBks. 14.60 0.46 88.9 14. 77 58.8 21.9 (*) 61 

Fam. of equaticn. P c:xmc: = a + ~ (*) indicates >99. 9% sig. level. 

SEE is standard Error of Estimate 
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Figure 5.1 
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5. 1,2 Relationships of Log phosphorus concentration vs. Log MHF and 

Log MDF 

The logarithmic transformation of phosphorus concentration and 

discharge data has been used quite frequently,in many cases because it 

tends to make the data more closely resemble a bivariant normal 

distribution and thereby satisfy one of the assumptions of both 

correlation and regression analysis. It also tends to linearize an 

otherwise curved relationship as is shown in Figure 5.2. 

A logarithmic transformation of raw data has often been used in 

regression analysis and rating-curve analysis. The reasons normally 

given to justify the transformation are that of: 

(i) data normality 

(ii) homoscedasticity 

(iii)linearity of relationship 

(Chow 1964, Walling 1977) 

A logarithmic transformation will tend to normalise the marginal 

distribution of discharge data. This transformation has often been 

used in hydrology where the skewed daily, monthly or annual flow data 

are normalised by a logarithmic transformation. These data are said to 

be log-normal (McMahon and Mein 1978). 

Homoscedasticity is the assumption of constant variance about the 

regression line, and is difficult to justify with the present data set 

because of the limited data in the medium to high discharge range. The 

data 0£ Walling (1977) for suspended sediment in an English stream over 

a wide range of discharges indicated that the homoscedasticity 

assumption does not appear to be seriously violated 

As the name implies, linear regression assumes that the variables are 

linearly related. Comparison of Fig 5.1 with that of Fig 5.2 and 5.3 

shows that the transformation did indeed tend to linearise the 

relationship even though there is a lot of scatter in the low discharge 

range. 



One important result of a logarithmic transformation that is often not 

considered is that it does tend to increase the weighting and spread of 

the data in the low flow range, and reduce the weighting and compress 

the data in the high flow range. This effect is good for statistical 

reasons, but will tend to bias the regression towards the low flow 

data, It also makes interpretation of the regression line difficult, 

especially if confidence intervals are obtained. 

Table 5.2 shows the results of the regressions performed using log 

transformed concentration data with both the log transformed mean 

hourly and mean daily flows. It must be emphasized that the data are 

log transformed to satisfy statistical requirements and the 

transformation has no physical basis. 

The scatterplots of the nine regressions using Log MHF as the 

independent variable are shown in Figures 5.2 , 5.3 and 5.4. All the 

plots show a lot of scatter especially at low flows and the r2 values 

range from 12.2 - 50.6%, which are rather low. 
/ 
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Table 5.2 Simple Regression of Log phosphorus form concentration vs. 

Log MHF and Log MDF 

J:ependent Stat. Indei;endent a b r2 SEE sm t value No of 

variable variable y ( sig,level) Observ. 

Burb logMHF 1. 14 0.43 48.3 0.28 26.8 8.1 (*) 70 

log MF 1. 14 0.39 42.3 0.30 28.1 7,2 (*) 70 

log TP 

Wick logmr" 1. 17 0.37 30.9 0.26 20.0 5.8 (*) 74 

log MDF' 1.17 0.37 29.3 0.26 20.2 5.6 (*) 74 

Caks log mr" 1. 17 0,39 50.6 0.21 15~7 8.6 (*) 72 

log MDF 1.17 0.38 49.3 0.22 15.9 8.4 (*) 72 

:a:irb log MHF 0.77 0.27 33,3 0,28 38.2 5.6 (*) 62 

log MF 0.78 0.27 34.3 0.27 36. 7 5.7 (*) 62 

log FP 

Wide log!fi' 0.76 0.37 35.1 0.25 28.1 5.9 (*) 64 

' ; 
log MDF 0.78 0.37 39.9 0.22 24.9 6,5 (*) 64 

Caks log!fi' 0.79 0.31 33.7 0.25 26.4 5.6 (*) 61 

log MDF 0.79 0.31 34. 1 0.25 26.3 5.7 (*) 61 

:a:irb log MHF 0.88 0.47 50.5 0.33 40.6 7.8 (*) 59 

logMJF 0.90 0.46 50.4 0.32 39.1 7.7 (*) 59 

log PP 

Wick log MHF 0.91 0.34 12.2 0.43 42.3 3.1 (99. 7) 62 

log MDF 0.91 0.34 11.4 0.43 42.4 3.0 (99.6) 62 

Caks log Ifi' 0.95 0.39 30.0 0.35 30.6 5.1 (*) 59 

log MDF 0.94 0.39 30.5 0.35 30.4 5.1 (*) 59 

Form of equation. Log P form = a + b* ( log MHF or LogMDF) 

(*) >99.9% significance level 
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Figure 5.2 Log Discharge vs Log P form, Burbong 
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Figure 5.3 Log Discharge vs Log P form, Wickerslack 
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Figure 5.4 Log Discharge vs Log P form, Oaks Estate 
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5.1.3 Relationships of Log phosphorus loadings vs. Log MHF 

Some researchers have used rating curves derived using phosphorus 

loading instead of concentration data and have reported very high r
2 

values. 

Table 5.3 shows the results of simple regressions using Log phosphorus 

loadings and Log MHF. 

Figure 5.5 shows a typical scatterplot, which shows that the scatter is 

reduced and that there is a distinct linear relationship. This is 

shown in the regression by the high r 2 values and the low SEE values. 

In regression analysis it is assumed that the X and Y variables 

(independent and dependent variables) are random and independent of 

each other. In the loading-discharge regression, the loading is not 

independent of the discharge but is a function of discharge. Thus 

there is a high correlation between the two variables and the resulting 

regression and high r 2 values are spurious. 
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Table 5.3. Simple regression of Log P loading vs. Log MHF 

Cepandent Station a b r2 SEE SEE t value lb. of 

variable y (sig.level o1::servations 

B.lrb 3.08 1.43 91.4 0.29 10. 1 28. 1 (*) 70 

log ID TP 

Widl: 3.11 1.37 86.2 0.26 7.2 21.3 (*) 74 

3. 11 1.39 92.9 0.22 5.6 30.4 (*) 72 

Burb 2.71 1.28 91.6 0.28 11.2 25.9 (*) 62 

log I.D FP 

Wide 2.70 1.37 88.2 0.25 7.8 21.7 (*) 64 

2.73 1.31 90.4 0.25 7.4 23.8 (*) 61 

RJrb 2,81 1,47 90.9 0.33 12.6 2.4 (*) 59 

log I.D PP 

Wick 2.85 1.34 70.4 0.43 13.1 12. 1 (*) 62 

2.88 1.39 84.8 0.35 9.7 18.0 (*) 59 

Form of equation wg P. leading( gl day) = a + b"I.og MHF 

( *) >99. 9% sig.level 
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Figure 5.5 Log Load vs Log discharge for TP at Burbong 
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5.1,4 Correlation of Log phosphorus and MHF between Stations 

Table 5.4 shows the correlation of the log transformed data between 

stations. 

Table 5.4 Correlation between Stations 

BURB 

LGTP 

LGFP 

LGPP 

LGMDF 

WICK 

LGTP 

LGFP 

LGPP 

LGMDF 

Wick, 

LGTP LGFP LGPP LGMDF 

0.58 

0,77 

0.57 

o. 96 

Oaks 

LGTP LGFP LGPP LGMDF 

o. 71 

0,54 

0,65 

0.98 

0.68 

0.62 

0,72 

0.99 

5, 1,5 Correlations of all variables used in analysis 

Table 5,5 shows the correlation coefficients of the data used in the 

analysis for the three stations, 
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Table 5.5 Correlation Coefficients between data used. 

Vari.ables 

VARIABLE srAT.ICN log1'P l.ogFP logPP l.ogMHF TEMP 2DRF 10' Bkllog 'lU 

log TP Bum 1.0 

Wick 1.0 

Ce.ks 1. 0 

lo3' FP Burb 0.75 1. 0 

Wick 0.51 1.0 

Ce.ks 0.65 1. 0 

log PP Burb 0.91 0.51 1. 0 

Wick 0.87 0.15 1.0 

Ce.ks 0.81 0.23 1.0 

lo;MHF B.lrb 0.70 0.59 0.72 1.0 

Wick 0.56 0.60 0.37 1. 0 

Ce.ks 0.72 0.59 0.56 1.0 

TEMP Burb 0.13 0.17 0.15 --0.23 1. 0 

Wick -0.04 0.16 0.01 -0.07 1.G 

Ce.ks 0.01 0.28 --0.04 --0. 11 1.0 

2DRF BJrb 0.62 0.40 0.68 0~75 --0. 10 1.0 

Wick 0.57 0.41 0.52 o. 77 -0.04 1.0 

Ce.ks 0.71 0.43 0.64 0.79 --0.08 1. 0 

B.lrb 0.39 0.16 0.42 0.41 -0.09 0.57 1. 0 

Wick -0.54 -0.36 -0.47 o. 18 0.07 0.47 1 .o 
Ce.ks 0.37 o. 12 0.35 0.41 -0.09 0.61 1 .o 

BkI B.lrb -0.49 -0.46 -0.50 -0.75 0.28 ·-0.32 -0.14 1.0 

Wick -0.36 --0.35 -0.22 -0.70 0.23 -0.31 -0.05 1. 0 

. Ce.ks -0.49 -0.42 -0.31 -0.69 0.17 -0.30 -0.13 1. o· 
log TU Burb 0.80 0.47 0.85 0.89 -0.07 o. 11 0.39 -0. 73 1.0 

Wick o. 78 0.31 0.79 0.53 -0. 21 0.53 -0.46 -0.49 1. 0 

oaks a.so 0.39 0.73 0.66 0.09 0.64 0.31 -0.54 1.0 
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5.2 Data Separation Procedures 

5.2. 1 Data Separation using Hydrograph Stage 

The data could be separated into those samples taken when the stream 

discharge {stage) was rising and those sampled when the stream 

discharge was falling or is steady at low flow. They are separated on 

the basis of whether the variable RCF derived in sections 4.1 was 

positive, negative or zero. 

Table 5.6 shows the results of the simple regressions using stage 

separated data for the three stations. 

5.2.2 Data Separation using flow regime ( BASUM) 

The streamflow separation program BASUM described is section 4.2.3 was 

used to separate mean daily discharge during sampling days into two 

groups, those sampled during baseflow conditions and those sampled when 

there is a quickflow component. Table 5. 7 shows the results of the 

simple regressions performed on the two groups of data. 
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Table 5.6 Simple regressions using stage separated data. 

Dependent Staticn Stage a b :r2 SEE SEE t value No. of 

Variable y (sig. level) cbserva.tions 

Burb R 1.10 0.43 51.6 0,29 27.3 4.6 (99.9) 20 

F/S 1.16 0.43 46.5 0,29 27.0 6.6 (*) 50 

Wick R 1.20 0.04 o.o 0.27 21.9 0.1 (7,3) 10 

log TP F/S 1.17 0.38 33.8 0.26 19.9 5.8 (*) 64 

R 1.18 0.46 66.8 0.29 19.0 3.6 (99. 1) 7 

F/S 1.18 0.36 42.9 0.21 15.4 7.0 (*) 65 

Burb R 0.69 0.18 23.0 0.23 34.3 2.4 (97.2) 17 

F/S 0.82 0.33 38.9 0.28 38.4 5.4 (*) 45 

Wick R 0.58 0.93 56.0 0.18 24.6 3.3 (99. 1) 9 

leg FP F/S 0.78 0.35 33.7 0.25 27.8 5.3 (*) 55 

R 0.85 0.21 47.8 0.19 18.9 2.5 (96.1) 7 

F/S o. 78 0.34 32.7 0.26 27.4 5.1 (*) 54 

Burb R 0.85 0.48 46.1 0.38 45.8 3.8 (79.8) 17 

F/S 0.89 0.47 51. 3 0.31 39.2 6.6 (*) 42 

Wick R 1.00 -0.45 0.0 0,52 56.3 -0.6 (42.3) 9 

log PP F/S 0.91 0.36 15.7 0.42 40.4 3.3 (99.8} 53 

R 0.92 0.52 57.2 0.40 30.0 3.0 (98.0) 7 

F/S 0.96 0.33 20.4 0.35 30.9 3.7 (99. 9) 52 

Foill1 of eqµation. log P concentration ~ a + b*log MiF 

(*) ~99.9t sig. level, 
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Table 5.7 Simple regressions under baseflow and baseflow p l us 

quickflow conditions. 

Depmdent Staticn FlQ\f a b r2 SEE SEE t value Noof 

variable condition (%) y ( sig. level) c:bservations 

(%) 

Im'b B/F 1.00 0.11 0.5 0.29 30.6 1. 1 (73.4) 58 

B/F+Q/F 1.25 0.43 77.6 0.20 12.7 6.5 ( * ) 13 

Wick B/F 1.20 -0.04 0.0 0.25 21.1 -0.2 (16. 7) 48 

logTP B/F+Q/F 1.18 0.40 43.6 0.26 17.6 4.5 ( * ) 26 

oaks B/F 1.25 o. 10 o.o 0.22 17.2 0.7 (53.9) 51 

B/F+Q/F 1.16 0.42 68.8 0.20 12.5 6.6 ( * ) 21 

Im'b B/F 0.62 0.06 0.0 0.31 52.8 0.5 (39.8) 51 

B/FiQ/F 0.90 0.23 52.3 0.1.8 17.0 3.9 (99.8) 14 

Wick B/F 0.71 0.40 8.2 0.25 32.6 2.2 (96.5) 42 

log FP B/FiQ/F 0.97 0.21 23.4 0.21 19.1 2.7 (98.8) 22 

Cales B/F 0.74 0.46 13.5 0.26 29.5 2.7 (99.0) 42 

B/F-+Q/F 0.90 0.23 31.5 0.24 21.0 3.0 (99.3) 19 

rurb B/F o. 79 0.22 6.7 0.30 42.8 2.0 (95. 1) 44 

B/FiQ/F 0.97 a.so 70.0 0.29 21.5 5.3 ( * ) 13 

Wick B/F 1.00 -0.47 3.5 0.41 43.0 -1.6 (87. 2) 40 

log pp B/F-IQ/F 0,81 0.50 31. 8 0.42 34.6 3.4 (99. 7) 23 

oaks B/F 1.07 -0.01 o.o 0.30 28.0 -0. 1 (4.3) 41 

B/F-IQ/F 0.79 0.51 42.4 0.43 31. 5 3.7 ( * ) 19 

Fonn of equatim. LDg P f orm a:nc. = a + b*log,OF 

B/F Cnly basefl a,; (*) >99.9% sig. level 
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5.2.3 Data Separation by Flow Regime ( Probability of Exceedance) 

The flow duration curve shown in figure 3, 12 could be used as a basis 

of separating the data. From the scatterplots shown in section 5. 1 ,2 

it can be seen· that up to a certain value of Log MHF, the phosphorus 

concentration is very variable and does not seem to be flow related. 

This is very evident on the TP and PP concentration plots. Above this 

"threshold" value of Log MHF, the phosphorus concentration appear to be 

positively correlated with the discharge. This "threshold" value for 

the three stations seem to correspond to the 20% or 30% probability of 

exceedence level on the flow duration curve. 

If this "threshold" value marks the point where the phosphorus 

concentration are flow related, then there is a consistent basis on 

which to separate data into discharge related and non-discharge related 

parts. This approach is intuitively correct because at the 20% or 30% 

probability of exceedence level, the discharge could be expected to 

contain quickflow. 

The non-discharge related data could be simplified by finding the mean 

phosphorus concentration for a given discharge interval and regressing 

the mean phosphorus concentration with the means of the discharge 

intervals. 

Table 5.8 shows the simple regressions using data with Log MHF values 

exceeding the 20% and 30% probability of exceedence values. 
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Table 5.8 Simple regressions using probability of exceedence approach. 

Dep9.ncent Station Prob. of a b SEE SEE t. value No of 

variable exceed. y (sig.level) observations 

Ellrb 20% 1. 08 0.55 79.8 0.20 13.3 2.9 (*) 13 

30% 1.12 0.53 79.8 0.19 12.9 8.2 (*) 18 

logTP 

Wick 20% 0.95 0.83 90.8 0.10 6.2 11. 7 (*) 15 

30% 0.90 0.66 89.4 0.11 7. 1 12. 7 (*) 20 

20% 0.97 0.55 84.0 0.15 9.0 9.2 (*) 17 

30% 0.99 0.54 85.5 0.13 8.3 11.2 (*) 22 

Burb 20% 0.91 0.21 15.8 0.29 27.0 1.9 (91.5) 14 

30% 0.86 0.24 26,6 0.25 25. 1 2, 7 (98. 7) 19 

log FP 

Wick 20% 0.86 0.31 38.4 0.19 16.2 3.0 (99,1) 14 

30% 0.87 0.30 38.4 0.18 15.5 3.4 (99.7) 18 

20% 0.88 0.26 26,3 0.26 21,4 2.5 (97.7) 16 

30% 0.90 0.24 26.3 0.24 20.0 2.8 (98.9) 20 

Burb 20% 0.67 0.71 91.3 0.16 12.6 11.3 (*) 13 

30% 0.79 0.65 85.4 0. 19 15.6 10.0 (*) 18 

log PP Wick 20% 0.49 0.81 77.0 0.22 16.9 6. 7 (*) 14 

30% 0.37 0.88 76.7 0.23 19.5 7.5 (*) 18 

20% 0~45 0.73 58.4 0.39 28, 1 2.5 (97.7) 16 

30% 0.49 0,71 60.9 0.35 26.3 5.5 (*) 20 

Eozm of e:pation IDg P cone.= a + bx'r.og MHF (*) >99.9% sig.level 
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Table 5.9 shows the mean log P form concentrations and the mean log MHF 

using intervals of 10% probability of exceedence. 

Table 5.9 Mean Log phosphorus form concentration and Log MHF for 

stated intervals. 

Probability 

of exceedence 

intervals % log TP 

:a.rrtong 

leg FP log PP log MHF 

90-100 1.013(10) 0.655(11) 0.740(10) -1.007(11) 

80- 90 0.758(7) 0.373(8) 0.571(5) -0.599(9) 

70- 80 0.880(6) 0.531(6) 0.531(5) -0.500(8) 

60- 70 0.785(7) 0. 710(3) 0.201(3) -0.421 (7) 

so- 60 0.811(4) 0.690(4) 0.301 (3) -0.350(4) 

40- 50 1.006(10) 0.596(6) 0.729(9) -0.219( 11) 

30- 40 1.120(8) 0.743(5) 0.861(6) -0.088(8) 
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Wickerslack 

log TP leg FP log pp logMHF 

1.330(10) 0.831(10) 1.117(10) -1.179(10) 

1. 233{16) o. 732( 16) 1. 080 ( 15) -0. 117 { 17) 

1.139(11) 0.660(7) 0.930(7) 0.036(10) 

1.253(9) 0.852(8) 0.999(8) 0.094(9) 

1. 184(5) 0.867(5) 0.938(4) 0.185(5) 

1.253(6) 0.661(4) 0.648(4 l 0.273(7) 

1.153(7} 0.88.5(6) 0. 786(6) 0.410(8) 



Table 5.9(cont) Mean Log phosphorus form concentration and Log MHF for 

stated intervals. 

Probability 

ofexceeda'lc 

intervals % 

90-100 

80- 90 

70- 80 

60- 70 

50- 60 

40- 50 

30- 40 

Caks Estate 

log TP log FP log pp 

1.341 (5) o. 708(4) 1.092(4) 

1.230(10) 0.668(8} 1.059(8) 

1.237(9) 0.908(6) 1.065(5) 

1.259(5} o. 751(4) 1.133(4) 

1.289(12) 1.011(9) 1.029(8) 

1.363(3) 1.001(3) 1.108(3) 

log MHF 

0.122(5) 

0.181 ( 10) 

0.247 (8) 

0.307(5) 

0.409(14} 

0.629(3) 
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5.3 The Relevance of Antecedent Conditions - The Drought Index 

The antecedent soil moisture condition of the soil before rainfall 

input has been shown to affect the movement of phosphorus and 

particulates over the catchment surface and erosion in the stream 

channel. 

The soil moisture condition of the soil could either be measured 

directly using a soil moisture probe which is an expensive and time 

consuming method more suited to small experimental plots. The 

alternative method would be to use some form of a soil moisture index. 

The Antecedent Precipitation Index (API) has been used in engineering 

hydrology as a variable in rainfall~runoff relationships. The 

underlying reason for using API is that if the initial soil moisture 

content before rainfall is high, the more of rainfall wi 11 appear as 

rWloff. The most recent rainfall will have the greatest effect on soil 

moisture and therefore precipitation values used in the API should be 

weighted according to time of occurence. 

The usual way of doing this is to assume that the Index value Precip. in 

at the end of the Nth day is given by 

Pin= b Pin-1 + p 0 where Pin-1 = Index of previous day. 

P
0 

= precipitation on day 

N. 

If there is no rain fort days, then the equation becomes 

P = p. bt in+t l.n 

The value of b are usually between 0.85 and 0.95. 

This index is not suited for use in this study because it is hard t o 

determine a representative rainfall for the whole catchment and to 

determine a suitable value for the factor b in the equation. 

Instead of using API, another i ndex the BKI has been used. It is 
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different from the API and measures the moisture deficiency using 

rainfall and temperature data. The detailed derivation of this index 

is explained in Section 4.1. 5. It has the advantage of being 

previously calculated by the Bureau of Meteorology and is immediately 

available for use. 

Table 5. 10 shows the results of the rnul tip le regression using log MHF 

and BKI as the independent variables. 

In all the nine regressions, the addition of BKI does not increase the 

R2 values but in fact decrease it slightly. It also increases the SEE 

values. y 

The BKI is not useful in explaining any other additional variance. 
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Table 5.10 Multiple regression using log MHF and BKI as the 
independent variables. 

Dependent station Independent a b C x2 t:2 SEE SEE F ratio No. 

variable vari.abl.es (%) (%) y y obs. 

leg MHE' 1.14 0.43 48.3 26.8 55.6 70 

-0.5 0~2 

logMHF-+BK[ 1. 11 0.45 0.001 47.8 27.0 32.5 70 

log MHF 1.17 0.37 30.9 20.0 33.5 74 
logTP WICX -0.5 0 

log MHF-+BK[ 1.11 0.42 0.001 30.4 20.0 16.9 74 

log MHF 1.17 0.39 50.6 15. 7 73.8 72 

-0.7 0.1 

logMHF-+BK[ 1.16 0.40 0.000 49.9 15,8 36~4 72 

log MHF 0.77 0.28 33.3 38,2 31.5 62 

-1.2 0.3 

leg MHF-+BKI 0.78 0.27 0.000 32.1 38.5 15.5 62 

legf,ffi' 0.76 0.37 35.1 28. 1 35.0 64 

log FP WICK -0.1 0 

legMHF-+BKI 0.68 0.44 0.001 35.0 28.1 17.9 64 

log MHE' 0.79 0.31 33.7 26.4 31. S 61 

-1. 1 0.2 

legMHF-+BKI: 0.80 0.30 0.000 32.6 26.6 15.$ 61 

log MHF 0.88 0.47 50.5 40.6 60.2 59 

-0.4 0.1 

log MHF-+BKI: 0.82 0.53 0.002 50.1 40. 7 30.1 59 

leg MHF 0.91 0.34 12.2 42.3 9.5 62 

log PP WICK -1.0 0.2 
logMHF-+BK[ 0.82 0.41 0.002 11.2 42.5 4.9 62 

log MHF 0.94 0.39 30.0 30.6 25.8 59 
OAKS o.o 0 

logMHF-+BKI: 0.82 0.47 0.002 30.0 30.6 13.4 59 

Form of e;;i_uatim IDgPform=a+~gMH+c~ (*) >99.9% sig. level 
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5.4 Seasonal Effects 

Many researchers have found that the different seasons have an effect 

on the concentration of suspended sediments and therefore by 

association, the particulate phosphorus concentration. 

5.4.1 Simple regression with seasons defined monthly 

Some researchers have found that there is a significant difference in 

phosphorus concentration - discharge relationship when the data are 

separated into different seasons. Table 5.11 shows the simple 

regressions based on data separated on the basis of spring/su~mer (Sept 

- F'eb) and autumn/winter (March - Aug). Section 5.3 presents other 

aspects of the seasonal effects. 

5.4.2 Effects of time - Hysteresis 

Using the seasonal data from section 5.4.1., an attempt was made to find 

out if there is a hysteresis effect in the data. On a plot of Log 

phosphorus form concentration and Log MDF for Burbong Station, the data 

points were linked according to the date of sampling. This is shown in 

Figures· 5 •. 6. There was no consistent pattern in the form of 

indentifiable consistent loops in the scatter plots. 
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Table 5.11 Simple regressions using seasonal data. 

Dependent station season a b ?- SEE SEE t.value No of 

variable % y (sig.level) obs. 

% 

Birb A1l/Wi 0.99 0.49 18.2 0.29 34.2 2.6 (98. 7) 28 

Sp/Su 1.25 0.36 57.5 0.25 20.4 7.6 (*) 43 

Wide A1l/Wi 1. 12 0.26 6.7 0.24 20.S 1.8 {91.4) 31 

l.cq TP Sp/SU 1.23 0.37 36.8 0.26 1~2 5.1 (*) 43 

Au,/Wi 1. 11 0.37 28.3 0.18 13.9 3.6 (*) 31 

Sp/SU 1.24 0.36 52.5 0.24 16.2 6.7 {*) 41 

Burb Au/Wi. 0.60 0.28 2,8 0.34 64. 7 1. 3 (80.9) 29 

Sp/Su 0.86 0.24 47.6 0.22 26.4 5.7 {*) 36 

Wick Au/Wi 0.61 0.63 29.6 0.27 35.7 3.6 (*) 29 

log FP Sp/Si 0.88 0.29 46.4 0.1B 18.7 5.5 (*) 35 

Au/Wi. 0.61 0.68 30.6 0.29 33.2 3.7 {*) 29 

Sp/SU 0.87 0.24 49.8 0.18 17.5 5.6 {*) 32 

Birb I>,u/Wi 0.74 0.58 27.3 0.29 50. 1 3.0 (99.4) 23 

Sp/SU 1.05 0.42 72.7 0,23 22.4 9.4 (*) 

Wick I>,u/Wi 0.84 -0.08 0 0.47 56.5 --0.3 {19. 9) 28 

log Pl? Sp/SU 1.06 0.34 24.9 0~34 28.9 3.5 (*) 35 

1lu/Wi 0.94 0.09 o 0.29 29.7 o.s (38.8) 27 

Sp/Su 1.06 0.38 37.3 0.36 27.5 4.5 (*) 33 

Fo.ttn of e:iu,aticn. IDg P form o:mc = a + bKL::g MDF. 

( *) >99. 9% sig. level 
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Figure 5.6 
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5.4.3 Using Temperature to Separate seasons 

In the Lake Burley Griffin catchment, there is a clear indication of 

higher phosphorus concentrations in spring (Oct - Nov) and summer (Dec 

- Feb). This pattern is shown in Table 5.12 but the values are not 

season-weighted. The spring phosphorus concentrations are high because 

during the study period, the high intensity rainfalls occur in spring. 

The summer low flows have higher phosphorus concentrations than winter 

low flows. During summer the stream temperature is higher and could 

result in more algae growth. The baseflow during summer is lower than 

in winter because of higher evapotranspiration rate. Water evaporates 

from the stream surface itself and the plants and trees on the 

riverbank also draw water from the stream. Therefore for a given 

discharge, the flow during summer is more likely to contain a higher 

non-baseflow component than during winter. It could be a summer 

freshet that could transport algae and other plant material and also 

decayed detritus that are more actively broken down under warm summer 

conditions. All these factors contribute to higher spring/summer 

phosphorus concentration. 

This pattern is also observed by Zakaria (1977) in the Sandy catchment 

north of Armidale in NSW, who also found that the inclusion of water 

temperature data could improve the suspended sediment-discharge 

relationship. 
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Table 5.12 Seasonal distribution of mean concentration of TP,FP and pp 

------------- ---------------------------
STATIONS SEASONS 

Forms of P in WINTER SPRING SUMMER AUTUMN 

mg/m3 and MOD (Jun-Aug) (Sep-Nov) (Dec-Feb) (Mar-May) 

---------- ------- ------- ------
TP 17.4 ( 17) 45.1 (21) 19.5 (22) 18.3 ( 14) 

WICK TFP 6.1 ( 15) 13. 3 (21) 9.3 ( 14) 8.5 { 14) 

pp 11.5 ( 15) 33.1 (20) 13. 1 ( 14) 9.8 ( 14) 

MDD 1. 9 ( 17) 16.0 (22) 1. 1 (22) 2.8 ( 14) 

TP 7.2 ( 14) 42.2 (22} 12.9 (21) 11.0 ( 14 l 

BUflB TFP 3.5 ( 15 l 10.7 ( 22) 6.3 ( 14) 5.4 ( 14) 

pp 3.8 ( 13} 32,2 (21} 7.8 ( 13} 5.6 ( 14) 

MOD 0.7 ( 17) 21. 8 (23) 0.4 (23) 0.9 ( 14) 

---------------------------- ---------------------
TP 19.2 ( 17) 61.0 (23) 21.9 ( 18) 22.9 ( 14) 

OAKS TFP 0.1 ( 15} 14.9 (22} 9.2 ( 10} 13. 1 ( 14} 

pp 11.7 ( 15) 47.9 (22) 16.4 ( 10} 9.9 ( 14) 

MDC 2.9 ( 17) 60.6 (23) 1. 6 (23} 4.4 ( 14) 

) number of observations indicated in parentheses. 

Table s.n shows the results of a multiple regression using log MHF and 

TEMP as the independent variables. 
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Table 5.13 Multiple Regression using log MHF and TEMP as the two 
independent variables 

D:p:9.rle11t. Stat.i.a1 Ind:p3.d:!Il. a b C r2 ?- SEE SEE F ra:io N:) 

variable va:riable (%) y(%) y ch:er.atim 

lo:J MiF 1.14 0.43 48.3 215.8 55.6 70 

6.9 -1.8 

lo:JMP¥Im? o.oo 0.46 0.018 55.2 25.0 43.6 70 

lo:J MiF 1.17 0.37 30.9 20.0 33.5 74 
log'IP -1.0 0. 1 

lo:J lff'+'IlW 1.16 0.37 0.000 29.9 20. 1 16.6 74 

lo:J MiF 1.17 0.39 50.6 15.7 73.8 72 

0.6 --o. 1 

leg t-fFi'llK' ,.~ 0.40 0.006 51.2 15.6 38.2 72 

lo:J MF 0.77 0.28 33.3 38.2 31.5 62 

7.7 -2.3 

lo:JMFi'IlW 0.54 0.30 0.016 41.0 35.9 22..3 62 

lo:J MiF 0.76 0.37 35.1 28. 1 35.0 64 
logEP 2.2 --0.5 

lo:Jlff"l'lB1E' 0.63 0.38 0.009 37.3 Zl.6 19.7 64 

lo:JMF 0.79 0.31 33.7 26.4 31.5 61 

8.6 -1.8 

lOJMFl'IH> 0.55 0.32 0.017 42.3 24.6 23.0 61 

lo.,MF o.oo 0.47 50.5 40.6 60.2 

8.7 -3.8 

lo:J~ 0.53 0.51 0.024 59.2 36.8 43.0 59 

lo:J MiF 0.91 0.34 12.2 42.3 9.5 62 

log PP -1.5 0.3 

lo:J MlE'i'!E-'IP 0.89 0.34 0.001 10. 7 42.6 4.7 62 

leg MF 0.94 0.39 30.0 30.6 25.8 59 

-1.3 0.2 

lo.,lff'i'.IB-1P 0.95 0.39 --0.001 '22.7 30.8 12.7 59 

Eaim af 1qu:itial Iog P Ebtm = a + ~ MiF + c"'IIMP 
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The usefulness of using the temperature variable (TEMP) is not 

consistent for the nine regressions studied. Six of the regressions 

showed an improvement in the r 2 values and a decrease in the SEE/Y 

values while the other three showed a minor decrease in r 2 values. 

Burbong station showed a positive improvement in r 2 for each form 

of phosphorus studied. Wickerslack station showed weak positive and 

negative changes in r 2 and Oaks Estate station showed an improvement in 

r 2 for the log FP relationship only. 

The results also shows that the phosphorus concentration is positively 

' related to TEMP and an increase in TEMP tends to be associated with an 

increase the phosphorus concentration. 

Figures 5.9, 5.10 and 5.11 show the plot of residuals of the simple 

regression versus the TEMP for the nine regressions. In all the cases 

where there is a major increase in r 2 values after the addition of 

TEMP, the residuals plot shows an apparent positive trend. The simple 

regressions tend to overestimate the phosphorus concentrations when the 

water temperature is low and vice versa. Otherwise this trend is not 

apparent. This observation further strengthens the argument that there 

is a seasonal effect and that this effect could be included and be 

partly accounted for by the TEMP variable. 

5.5 The role of Rate of Change of stream flowrate (RCF) 

This variable has been investigated because the faster the rate of 

change of streamflow, the higher would be the stream velocity and 

energy and hence the higher its ability for erosion, scouring and 

transport capacity. Furthermore, a faster rate of change could 

indicate a more intense storm in the catchment with its greater erosive 

potential. 

The distribution of the data points indicates that most of the sampling 

is done when the stream flowrate is increasing or decreasing slowly or 

is steady. The larger negative values indicates sampling done on the 

falling stages of the storm hydrograph whilst only one sample was taken 

when the streamflow was rising very rapidly during a major storm. 
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Figure 5.7 Residuals of simple regressions vs TEMP for Burbong 
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Figure 5.8 Residuals of simple regressions vs TEMP for Wickerslack 
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Figure 5,9 Residuals of simple regressions vs TEMP for Oaks Estate 
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Table 5.14 shows the results of a multiple regression using log MHF and 
RCF as the independent variables. 

Table 5.14 Multiple Regression using log MHF and RCF as the two 
independent variables 

D:f.e:rlart. Stat:im lm!p:l::d:ut. a b C .;. .;. SEE SEE F rat::iD N) 

variable ,m::iable (%) y(%) y d:serlatim 

logMiF 1. 14 0.43 48.3 26.8 55.6 70 
0.2 0 

logMFIR:F 1.13 0.40 0.004 48.5 26.8 33.5 70 

logMiF 1.17 0.37 30.9 20.0 33.5 74 
1og'lP 4.0 -0.6 

logMFIR:F 1.19 0.24 -0.071 34.9 19.4 20.6 74 

logMlF 1.17 0.39 50.6 15.7 73.8 72 

0.0 0 

logMF+R:F 1.18 0.37 0.002 50.6 15.7 37.4 

log MF 0.77 0,28 33.3 38.2 31.5 62 

-0.3 0.1 
1ogMF+K:F o. 78 0.30 -0.003 33.0 38.3 16.0 62 

log MF o. 76 0.37 35.1 28.1 35.0 64 
lcgEP -0.6 0.1 

logMFIR:F 0.75 0.41 0.020 34.5 28.2 17.6 64 

log MF o. 79 0.31 33.7 26.4 31.5 61 
0.8 -0.2 

logMF!KF 0.78 0.34 -0.002 34.5 26.2 16.8 61 

logM-JF 0.83 0.47 50.5 40.6 60.2 59 

0.7 -0.3 
1ogMJF+ro' 0.87 0.43 o.ro:, 51.2 40,3 31.5 59 

logMF 0.91 0.34 12.2 42.3 9.5 62 
lcgPP 7.9 -2.0 

logffiE'IR:F 0.96 0.08 -0.134 20., 40.3 8.7 62 

logM!F 0.94 0.39 3).0 30.6 25.8 59 
0.4 -o. 1 

logM,FiRF 0.96 0.35 0.003 30.4 30.5 13.7 59 

Rmnaf~ I.ogP faon =a+ ~M-IF + c:.«1Il' 
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As could be expected from the distribution of RCF values in the 

residuals plot, the RCF is not useful in this investigation. The 

multiple regressions shows that the inclusion of RCF does not increase 

the r 2 values signifieantly except for the log TP and log PP 

relationships of Wickerslack. This is probably an artifact of the 

multiple regression procedure itself because a closer examination of 

the data revealed that at Wickerslack Station, the RCF is better 

correlated to log TP and log PP than to log MHF. 
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6. DISCUSSION 

6,1 Relationship of phosphorus concentration with discharge 

The regression analysis between phosphorus concentration and discharge, 

using both the transformed and the untransformed data will be discussed 

in this section. 

6.1.1 Relationship of P concentration with discharge 

The results of the regressions of TP, FP and PP on MHF is shown in 

Table 5.1 and the scatterplots for Burbong Station are shown in Fig. 

5. 1. 

The regressions are performed using all data. The TP and PP 

relationships for all three stations showed high r2 values ranging 

from 71.3 - 97,2 %, An examination of the scatterplots showed that this 

high correlation is a spurious one due to data clustering with the few 

data points of high discharge and concentration dominating the 

regression line. The FP does not increase as much during high flows as 

the PP and therefore does not exert as much effect on the FP 

regressions (r2 < 29.3% for all stations). 

The high r 2 for TP and PP are spurious but the data trend indicates 

that the TP and PP concentration increases with discharge. This trend 

is not unexpected and agrees with most other studies of TP, PP or 

suspended sediment vs. discharge relationships. 

The FP relationships did not show high r 2 values but the scatterplots 

showed that there is an increase in FP with increasing .discharge, 

There appears to be two levels of FP concentration. Under .baseflow 

conditions the FP does not appear to be flow related and under a higher 

discharge regime, the FP appears to be at a higher level but yet is not 

directly flow related. This result is only tentative and may be the 

result of an inadequate number of high flow samples. 

The FP consists mainly of dissolved phosphorus. Some other studies 
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have indicated that the dissolved phosphorus concentration decreased 

with increasing discharge. A closer examination of the catchments 

invariably reveal that these streams have a major portion of their FP 

coming from point sources like sewage treatment plants. In this case 

the decrease in FP is due to a dilution effect. 

The catchments of the Molonglo and Queanbeyan rivers upstream of Oaks 

Estate station have a predominantly rural land use, and do not have 

inputs from sewage treatment plants. 

The intercepts { "a" coefficient shown in table 5.1) showed an 

interesting pattern. With untransformed data, the intercept indicates 

the phosphorus concentration predicted at zero discharge, indicating 

the natural baseline concentrations of phosphorus at the sampling 

sites. The intercept for PP appears to be of slightly higher 

concentration that FP at all the sites and the sum of the PP and FP is 

nearly equal to TP at all the sites. 

The concentration of TP, FP and PP is lowest at Burbong and highest at 

Oaks Estate. The Molonglo river above the confluence has been heavily 

polluted with heavy metal waste from now abandoned mines at Captain's 

Flat, N.s.w. The study of Nicholas and Thomas ( 1978) indicated that 

compared to an unpolluted river like the Queanbeyan, the number and 

species diversity of invertebrates on the Molonglo river is lowest. 

The distribution of discharge and concentration data does not meet the 

normal~ty assumption required for regression analysis. The S/i 

percentage ratio is also very high and so it would be unwise to use 

these regressions for prediction purposes. 

6. 1.2 Relationships of Log P cone. with Log discharge (LGTP, LGFP, LGPP 

vs. LGMHF and LGMDF) 

Table 6.1 shows the skew of the data before and after loga=ithnic 

transformation, and it can be seen that the marginal distribution of 

the discharge and phosphorus concentration data does tend to be 

normalised. A predictive regression however requires that both the 
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marginal and conditional distribution of the data be normal. There is 

not enough data to show whether the conditional distribution is 

normalised. 

Table 6.1 Skewness before and after log transformation 

------------·---------------------------------------------------
Data Station Skewness (3rd moment about mean) 

----------------------------------
Before After 

----------------------------------------------------------------
TP Burb 392272 0.045 

Wick 104421 0.021 

Oaks 423867 0.038 

FP Burb 876 0.011 

Wick 1207 -0.001 

Oaks 1919 -0.001 

PP Burb 386200 0. 102 

Wick 75676 0.005 

Oaks 395028 0.040 

MHF Burb 245745 0.418 

Wick 194677 0.273 

Oaks 3593000 0.360 

Table 5.2 shows the regression equations derived using log transformed 

phosphorus concentration and discharge data. Both the mean hourlr flow 

( log MHF) and mean daily £low (log MDF) have been included. Strictly 

speaking, the instantaneous· discharge at the time of the grab sampling 

should be used in the regressions but this is not practical. Therefore 

the MHF and MDF data were used and the resulting regression equations 

will be compared. 

The regression equations obtained showed that for the present data set, 

use of either the log MHF or log MDF resulted in essentially the same 
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regression equation. One possible reason is that most of the samples 

are taken when the flows were low and not varying rapidly. The MDF and 

MHF are therefore similar under these conditions. Under high flow 

conditions the discharge could be changing rapidly, and the MHF and MDF 

may then be significantly different. 

For subsequent analysis the mean hourly flow will be used. The 

scatterplots for the nine regressions are shown in Figures 5.2, 5.3 and 

5.4. 

From Table 5.2 it can be seen that although all coefficients were 

statistically significant at the 99. 7% confidence level, the r 2 values 

were not high and ranged from 11,2 - 50.6%, with no consistent pattern 

in the distribution of r2 values among the nine regressions. This 

could be attributed to the large amount of scatter about the regression 

line. 

The S/Y percentage ratio is high, ranging from 15. 7 - 40.6%. The log 

TP relationship showed the lowest S/Y percentage ratio, whilst the log 

PP relationship showed the h~ghest S/Y p~rcentage ratio. Between 

stations, Burbong appears to have the highest, whilst Oaks Estate the 

lowest S/! percentage ratio, This is most likely the effect of the log 

transformation itself, because the phosphorus concentration at Burbong 

is the lowest and that at Oaks Estate the highest, for a given 

discharge. 

The "b" coefficients are all less than 0.5. 

_equation could also be written in the form of: 

P cone. = 10a * (MHF)b 

Since the regression 

this means that the phosphorus concentration increases at a decreasing 

rate for each increment in discharge, and it tends to level-off with 

increasing discharge. The shape of this curve is consistent with that 

of the data shown in Fig. 5. 1. 
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The scatterplots show there is a great amount of scatter especially in 

the lower flow range for all stations, For a given discharge, the 

phosphorus concentration sometimes varied over more than one order of 

magnitude. The scatter is not so great in the high flow range but this 

could be due to the lack of data, The suspended sediment data of 

Walling ( 1977) indicated that the scatter was quite uniform over the 

entire range of discharge (0-100 cumecs). 

Many reasons have been put forward to explain the scatter and these 

include the 'first flush effect-', the lag effect, hysteresis effects, 

seasonal effects and supply exhaustion. 

The greatest deficiency in the present data set is the scarcity of data 

in the high flow range. The regression equations are very sensitive to 

the presence of the flood data. If the four highest discharge data 

were removed from the regression, the resulting r2 values would be very 

low. This situation could have easily occurred if the two major floods 

of October 1975 and 1976 had not occurred, or not been sampled. 

Table 5.8 shows the regression equations that would result if 

discharges of <20% probability of exceedence only were used. The 

resulting r 2 values were very low and ranged from 0-13.5%. The b 

coefficients are all small and are not significant at the 99.5% 

confidence level. This would suggest that under . baseflow conditions, 

the phosphorus concentration is not discharge related. The work of 

Hoare { 1982) in New Zealand also showed no significant correlation 

between total phosphorus concentration and discharge under baseflow 

conditions. 

Table 5.8 shows the regressions resulting if only the data with 

discharges of 20% and 30% probability of exceedence are used. Both the 

20% and 30% probability of exceedance were used in order to test the 

sensitivity of the regressions to different cut-off discharges. Apart 

from the increase of about four data points with the use of 30% 

probability of exceedance, the two regressions are similar for all nine 

cases. The 20% probability of exceedance will be used to delineate the 

high (flood) flows from the other data. 
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There is an increase in r 2 value that indicates that at very high 

flows, the log TP and log PP are well correlated with discharge (r2 

ranging from 58.4 to 91.3%). There is also a corresponding decrease 

in the S/Y percentage ratio indicating a lesser scatter about the 

regression line. 

From the scatterplots of the log TP and log PP relationships, the 

increase in r 2 and decrease in S/Y percentage ratio can be appreciated. 

The large S/Y percentage ratio is partly due to the scarcity of data 

but there is a definite increase of log TP and log PP with discharge 

(Fig 5.2). 

For the log FP relationships there is a decrease in r 2 of 53% at 

Burbong and 22% at Oaks Estate and a slight increase at Wickers lack. 

The S/T percentage ratio decreased in all 3 stations. The log FP 

scatterplots shows that at the high flow range the log FP is not well 

correlated with discharge. It even showed a slight decrease in log FP 

at the extreme discharge but overall the log FP concentration is higher 

at high discharges as can be seen by comparing the "a" coefficients. 

6.1.3 Residuals Analysis for Log Relationships 

The use of residuals analysis has been largely neglected and few 

researchers have published these results. In most of the literature, 

researchers seem primarily interested in fitting a curve to their data 

and to use the resulting regression equation for prediction purposes. 

Little attention is given to this relatively simple extension of the 

regression analysis which could be very helpful in detecting any 

departure from the assumptions of the regression model and to suggest 

remedies or other variables that could improve the regression. In this 

study residuals analysis has been performed on the nine regressions 

under discussion. 

The aim of the Residuals vs. Day plots is to detect any systematic 
change of residuals with time, and to check the constancy of variance 

over time. The plots are shown in Fig. 6.1. 
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At Burbong, there is an indication of a seasonal trend, with more 

po.sitive residuals (underestimates) when the temperatµr.e is high, This 

can be seen by comparing the plot for Bur bong with the temp vs. day 

plot of Fig. 6.4, that both show the same cyclical change. 

At Wickerslack, this cyclical trend is not apparent and at Oaks Estate, 

only the log FP residuals showed a slight trend ( Fig 6.2, 6.3). This 

would suggest that a temperature variable could be used to remove that 

trend and to improve the regression. 
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Figure 6.1 Residuals vs Day plots for Burbong 
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Figure 6.2 Residuals vs Day plots for Wickerslack 
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Figure 6.3 Residuals vs Day plots for Oaks Estate 
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Comparison with the BkI vs. day and RCF vs. day plots showed nothing 

useful. The plots do not indicate any significant variation in variance 

of the residuals with time. 

The left side of all the plots show a predominance of positive 

residuals (underestimation). These are in the very low discharge range 

which are most likely to occur in summer during the study period. This 

shows that the regression line is biased and tends to underestimate the 

phosphorus concentration during summer. 

In the high flow range, the regression lines seriously underestimate 

the log TP and log PP concentrations. If the regression equations are 

used for predictive purposes and are used as a rating equation for 

estimating load the resulting estimate could be seriously biased 

towards underestimation because of the combined effect of the high 

discharge with the high concentrations. The residuals are in log. 

units. 

The log FP plots do not show a consistent pattern and showed an 

overestimate at the highest flow. 

From the observations above, we can conclude that because of the lack 

of data in the high flow range, the fitted least-squares regression is 

not appropriate for this data set. The regression could be greatly 

improved if the data are separated into low and high flows. 

The plot of residuals vs. predicted log concentration is essentially 

the same as the residuals log MHF because the predicted log 

concentrati.on is an exact function of log MHF, 

The residuals have been plotted against temperature as a possible extra 

independent va,riable, The plots for Burbong showed that there is an 

upward trend, towards underestimation as the temperature .increases. 

The plots for Wickerslack and Oaks Estate do not so show such a trend. 

To test for the significance of any trend in .the residuals vs. temp 

relationship, a simple regression was performed using temperature as 

the independent variable. The result are shown in Table 6.2. 
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Tahle 6,2 Simple Regression of Residuals vs Temperature 

Dependent Station h t-value (conf,level} Number of 

Variable Observations 

------------------------------------------------------------------
RLGTP B 0.0171 3,34 (99,8) 70 

w 0.0004 0.09 ( 6,7) 74 

0 0.0059 1,35 (81.9) 72 

RLGFP B 0.0153 2.941 (99.5) 62 

w 0.0094 1. 81 (92.5) 64 

0 0.0170 3. 15 (99.7) 59 

RLGPP B 0.022s 3.56 (99.7) 59 

w 0.0014 0. 14 (11.4) 62 

0 -o.0014 -o. 172 (13.6) 59 

-------------------------------------------------------------------

All the regressions showed very low r 2 values but the b coefficients 

for log TP, log FP, log PP at Burbong and log FP at Oaks Estate were 

all statistically significant at the 99.5% confidence level. The 

temperature variable could therefore be expected to improve the 

regression if it is used in a multiple regression. 

The Durbin-Watson a-statistic for the residuals is shown in Table 5.2. 

Strictly speaking, the a-statistic is only valid if the observations 

are taken at regular intervals. With the present data set, even though 

the samples are taken on weekly intervals, there are some missing data 

especially for FP and consequently PP. The effect of this on the d

statistic is unknown and will be ignored in the present interpretation. 

There are also occasions when the samples are taken at less than weekly 

intervals. 

With the exception of log FP at Burborig and Wickerslack, all the other 

residuals show a positive serial correlation at the 2.5% level of 

significance. The du and dL used for the test are given in Appendix B. 
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The residuals for the log TP and log PP relationships are auto

correlated even though consecutive samples are weekly apart. This 

could be partly explained by the fact that the streamflows during the 

study period are autocorrelated except when there are floods. During 

the study period, most of the samples are taken under baseflow 

. conditions where the flow might not vary much for consecutive weeks. 

Under low flow conditions, most of the suspended sediment with the 

exception of very fine clay particles would settle to the stream bed 

and the PP in the sample would be largely from organic matter in 

suspension and from clay particles which would not vary much because of 

the slowly varying streamflow. 

The log FP residuals at Burbong and Wickerslack on the other hand do 

not appear to be auto-correlated. This would suggest that the level of 

FP is relatively independent of discharge in the low flow range, and 

may be controlled by such factors as tne water. temperature, activity of 

invertebrates, uptake by plants o:t the release of the phosphorus from 

sediments, 

The cumulative frequency distribution for all the residuals show the 

characterisiic s~shape. Thus the assumption of normality of the 

marginal distribution of residuals does not appear to be violated. No 

attempt is made to test for the normality of the conditional 

distribution because of the lack of data at different specific 

discharge levels. 

6.1.4 Relationships of Log P Loadings vs. Log Discharge (log LD TP, log 

LD FP, log LD PP vs. log MDF) 

The phosphorus loads are calculated by multiplying the phosphorus 

concentrations with the mean daily discharge. 

P load = P cone. x MDF 

This is then regressed against the mean daily discharge on a log-lo g 

basis. The MDF was used because it would facilitate the calcul ation of 
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daily loads if needed. 

The results are shown in Table 5.3. It shows that the r 2 values are 

very high, ranging from 70.4 to 92.9%. The S/Y percentage ratio also 

decreased. The regression equations are all statistically significance 

at the 99.9% confidence level. 

In chapter 4 the case of spurious self-correlation was discussed. The 

present relationships are examples of such a spurious self-correlation 

because the dependent variable is not statistically independent of the 

independent variable. Since these relationships are spurious they will 

not be discussed further. 

6,2 Multiple Regressions 

The simple linear regression model fitted to different combinations of 

both log transformed and untransformed data discussed in section 6.1 

showed the log-log transformation of the phosphorus concentration and 

discharge as the most acceptable. The amount of variance explained by 

the regression line (r2 value) is however low, ranging from 12.2 -

50.6% and the spread of the data about the regression line is wide with 

the S/y percentage ratio ranging from 15. 7 to 42. 7%. This indicates 

that the use of discharge by itself will not adequately 'explain' the 

variation in phosphorus concentration. In the following section, a 

multiple regression approach has been used by introducing some other 

independent variables. The derivation and some reasons for use of the 

variables have been discussed in Section 4.1. 

6.2.1 Temperature 

The variation of stream temperature during the study period is shown 

in Fig 6.4 which shows the expected cyclic trend with higher 

temperatures in summer and lower temperatures in winter. The 

examination of residuals in Section 6.1.3 has shown the trend of 

increased positive residuals with increased temperature for some of 

the regressions. 
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Figure 6.4 BKI and TEMP VS Day at Burbong 
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Table 5.13 shows the results of including temperature as an additional 

variable. The changes in the regression before and after is compared. 

The regression coefficients for log MHF and temperature are also 

tested for their significance. The scatterplots are not shown because 

of the 3-dimensional nature of the plots. 

The use of temperature showed the greatest improvement at Burbong 

which showed an increase in r 2 and a decrease in S/y percentage ratio 

for all forms of phosphorus. The t-test for ths b and c coefficients 

showed that they are all significant at the 99.6% significance level. 

The other two regressions that showed an improvement were the log FP 

at Wickerslack and Oaks Estate, the level of significance being 92.3% 

and 99.7% respectively. 

The general pattern is that all the log FP relationships benefited 

from the addition of temperature but only the Burbong log TP and 

log PP relationships showed a statistically significant improvement. 

This coincides with the cases that showed a significant positive trend 

in the residuals vs temperature regression shown in Table 6.2 

The increase irt the r2 values ranges from 2.2 to 8.7% bringing the 

highest r 2 to 59.2% for log PP at Burbong. The decrease in the s/i 
percentage ratio ranged from 0.5 to 3.8%, which is quite small. The c 

coefficients are all positive except for log PP at Oaks Estate. This 

indicates that the phosphorus concentration increase with increasing 

temperature, other variables being constant. 

One possible explanation for the observed pattern of response to the 

addition of temperature variable is the construction of Googong Dam 

during the study period. 

The Googong Dam site is about 5 kilometers upstream of Wickerslack 

station. The construction activity could be expected to disturb the 

streambed and cause random erosion at Googong which would affect 

Wickerslack station. High turbidities did occur at certain occasions 

that were unrelated to discharge. The random occurrence of such 

construction incidents, and the absence of quantitative measures of 
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their extent or effect on the measur~d phosphorus concentration at 

Wickerslack makes it difficult to incorporate them in this analysis. 

The PP will be the most affected because of its close association with 

the eroded material and suspended sediments. On the log PP and log 

TP vs. log MHF plots this is shown by the great variation of 

phosphorus concentration at the very low discharge range at Wickerslack 

and Oaks Estate. The scatter in the log TP plots follow closely the 

scatter on the log PP plots which indicates that the PP component 

dominates over the FP component in the TP. This is also shown in Table 

3. 16 which shows the mean PP concentration to be higher than the FP 

concentration. 

The effects of construction activity could still be present at Oaks 

Estate, as shown by the log TP and log PP regressions. The flow from 

the Queanbeyan River contributes a large proportion of the flow at oaks 

Estate and any residual effect of the construction activity could 

affect the PP and TP. 

The log FP relationships at Wickers lack showed only a slight 

improvement in r 2 • This would indicate that the FP is also affected 

but to a lesser extent than the PP. Under low flow conditions, the 

level of FP could be controlled by biochemical factors that are 

affected by the temperature. The high turbidity and blanketing of the 

streambed by very fine sediments may affect the FP concentration. This 

is shown by the lower value and level of significance of the c 

coefficients at Wickerslack. The effect on the FP could have been 

greatly reduced b;l• the time the flows reached Qaks Estate. 

Burbong station is not affected by the construction activity. The 

increase in the r2 would indicate that the temperature does help in 

explaining some extra variance after the effect of log MHF have been 

removed. The possible explanations for this will be discussed later. 

Overall, the addition of the temperature could help improve the 

regression equation but the amount of variance explained is still low 

and the S/y percentage ratio large. 
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6.2.2 Rate of Change of Flowrate 

The derivation of this variable is described in Section 4.1.3. An 

examination of the frequency plot reveals that the marginal 

distribution of this variable is not normal. This is because of the 

nature of the sampling program its elf and the streamflow during the 

study period. M6st of the sampling was done when the flowrate was 

increasing or decreasing slowly or is constant, which results in RCF 

being small or zero. There is a lack of close interval sampling when 

the flowrate is changing rapidly and this accounts for the few high 

positive or negative RCF. 

The distribution of the RCF can be seen in the residuals vs. RCF plot 

of Section 6.1,2. This non-normal distribution of the RCF does not 

satisfy the statistical requirements for the variables in a multiple 

regression. 

The results of the multiple regression .is shown in Table 5.14. The 

change in r 2 is small and does not follow a particular trend. All the 

c . coefficients are insignificant at the 99% significance level though 

the log TP and log PP, at Wickerslack relationship showed an increase 

in r 2 • 

This apparent anomaly can be attributed to the fact that at 

Wickerslack, the correlation of RCF to log TP is comparable to that of 

log MHF to log TP. For log PPW, the correlation of RCF to log PPW 

is higher than that of log MHF to log PPW. This could result in an 
1 instability' in the least-squares regression process as indicated by 

change in the b coefficients for log PP. The regression coefficients 

are shown in Table 5.14. 

The failure of the RCF in the present analysis is due to the nature of 

the sampling and the use of an 1all-~ata' approach to the analysis. An 

alternative to the 'all-data' approac:i could be the use of only storm 

data, with data collected throughout the whole storm. In this case the 

RCF may help explain some of the variance due to different storms 

having different rates of rise, scouring and erosional properties. 
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Another problem that may be encountered in using RCF is the sign of the 

variable. ie. positive for rising stage and negative for falling stage. 

This has not been investigated further in the present study. 

6.2.3 The Byram-Keetch Drought Index 

'fhe derivation of this variable is explained in Section 4.1.5. The 

examination of the residuals vs BKI plots in Section 6.1.2 did not 

reveal any consistent pattern except that the high BKI tends to be 

associated with positive residuals. This could be the seasonal effect 

with high BKI associated with dry, higher temperature conditions. 

The results of the multiple regressions shown in Table 5.10 indicates 

no imp:covement in the r 2 value. There is a slight decrease in the r 2 

for all regressions except log PP at Oaks Estate that showed no change 

in r 2 • The change in S/y is also minimal. The c coefficients are all 

not significant at the 99% significance level. We can therefore 

conclude that for the present analysis, the addition of BKI does not 

significantly improve the amount of v.ariance explained. 

A few reasons can be put forward to explain the apparent 

ineffectiveness of the BKI to contribute any addition explained 

variance. 

The BKI is an indicator of the cumulative soil moisture deficiency of 

the catchment. It 1 has a theoretically infinite upper limit but a 

finite limit of zero when the soil moisture deficiency is zero. Once 

the zero BKI is reached, any additional rainfall will not decrease it 

any further. This is in contrast to the Antecedent Precipitation Index 

( section 5.3) which will keep on increasing under the same conditions. 

The soil moisture condition is expected to exert the most influence on 

the erodibili ty of the streambank and the catchment surface when the 

catchment is wet and there is rainfall input. The BKI is unable to 

give any indication of excess rainfall after the soil moisture deficit 

is restored. 

As with the RCF, the nature of the sampling frequency and the method of 
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'all-data' analysis limits the usefulness of the BKI. Most of tl,e data 

is obtaine~ when the flow is low and when the natural erosion of the 

streambanks and the catchment surface is least expected to occur. The 

antecedent soil moisture condition is most likely to be useful if the 

'storm only' type of analysis is used, but the absence of close 

sampling storm data precludes its use on the present study. 

Furthermore, the BKI is derived from rainfall and evaporation data that 

is obtained at Fairbairn in Canberra and might not be represenative of 

the entire catchment. 

An examination of the correlation between the independent variables 

show that the log MHF and BKI are correlated (r2 between 47-56% from 

Table 5.5). There ls therefore multicollinearity between the 

independent variables but it does not appear to 'destabilise' the 

relationships. 

6.3 Simple regressions using differentiated data 

One of the disadvantages of the linear and multiple regressions 

discussed earlier is that data from the whole sampling period is lumped 

and treated as coming from the same population, whilst in fact they 

are not, The prevailing catchment conditions vary from sample to 

sample and even for a given discharge, conditions like catchment soil 

moisture, water temperature, sediment, phosphorus supplies and plant 

and animal activities will vary. The use of multiple regressions may 

help explain some of the residual variance remaining after the effects 

of discharge has been accounted for, but its use is limited to those 

variables that can be easily measured or derived. The use of 

temperature, rate of change of streamflow and antecedent soil moisture 

conditions have been tried and have been found not to be useful except 

for the limited success of using the temperature variable, 

Another approach that can be adopted is to separate the data by 

different criterias and to perform simple regressions on the separated 

data. This approach has been used by separating the data according to 

hydrograph stage or seasons (Walling 1977). This section discusses the 
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results on some of the regressions obtained when the present data set 

was separated using various criteria, 

6.3.1 Data separated by seasons 

The multiple regressions using temperature as the additional variable 

demonstrated the tendency of high phosphorus concentration to be 

associated with higher stream temperatures. The plot of temperature 

vs. day of sampling indicates a cyclic trend with higher temperatures 

in the late spriig and summer months and lower temperatures in the 

other months. It therefore s.eemed useful to divide the data according 

to seasons, and it has been separated into four separate groups on this 

basis. For the purpose of regression analysis, only two groups were 

used, the Spring/Summer group and Autumn/Winter group. The southern 

hemisphere equivalents to the grouping used by Walling (1977) are Sept

Feb (Sp/Su) and Mar-Aug (Au/Wi), 

Another observation that supports the separation of the data into 

seasonal groupings is shown in Table 5.12. It shows the mean 

concentrations of TP, FP and PP and the average mean daily flow for 

the four seasons. They are the arithmetic means of the various 

seasonal groups and are not flow-weighted, 

Although the summer average mean daily flow is the lowest, it shows a 

higher TP, FP and PP concentration than Autumn and Winter. The overall 

higher phosphorus concentration for Spring is due to the higher 

discharges in Spring and is therefore not compared to the other 

seasons. This indicated that discharge may not be the only factor that 

affects phosphorus concentration and that the season effects may also 

be important. 

Table 5.11 shows the results of the simple regressions performed using 

the seasonally separated data. 

The Au/Wi data all showed a significant reduction in the r2 values and 

a corresponding increase in the S/Y percentage ratio in most cases. 

The r 2 values are small and range from 0-30.6%. 
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All the Sp/Su regressions showed an improvement in the r 2 values and a 

decrease in the S/Y percentage ratio. 

The Sp/Su data covers the entire range of flows. The low flow range is 

covered by the summer data. The "a" coefficients are higher than that 

for the "all-data" regressions but the "b" coefficients are lower. 

The Au/Wi data lack adequate high flow data to 'stabilise' the 

regression lines and the resulting regressions are dependent on the 

distribution of very variable data. 

From these regression lines it can be seen that the Sp/Su regressions 

will predict higher phosphorus concentration than the "all-data" 

regressions but the Au/Wi regressions are not stable and can not be 

relied on. Al though the Sp/Su regressions have higher r 2 values they 

still tend to underestimate the phosphorus concentrations, especially 

in the high flow ranges. In order to give a better estimate of the 

total loads, regression lines that would adequately fit the high flow 

data are needed. 

The effects of season on the phosphorus concentration, both in terms 

of the stream temperature used in multiple regression and the 

separation of the data .into Sp/Su and Au/Wi, has been discussed. There 

are a few possible reasons why higher stream temperatu:::-es are 

associated with higher phosphorus concentra1:ions and why the Sp/Sm 

data give better regressions. They will be discussed below in terms of 

the physical and biological processes that affect the phosphorus 

concentrations during the different seasons. 

The general climatic characteristics for the catchments have been 

presented in section 3.4.2. In the long term, there is little or no 

seasonality of rainfall but in the short term, especially during short 

study periods, seasonality of rainfall does occur, The average monthly 

rainfall regime during the study period, showed higher than average 

rainfall during the Sp/Su period with the highest rainfall occurring in 

October. The effect of high summer temperature on the 

evapotranspiration and therefore the streamflow in shown in the monthly 
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streamflow regime diagrams in Figure 3.9. The five summer months 

accounted for about 25% of the rainfall but only contributed to about 

10% of the stream flow, whilst the spring months which accounted for 

about 60\ of the total rainfall contributed about 90% of the total 

streamflow. 

The two spring floods of October 1975 and October 1976 accounted for 

70% and 55% respectively of the total streamflow at Burbong and 

Wickerslack. Greater erosional potential is associated with the high 

rainfall and runoff and this is shown by the high phosphorus 

concentrations during the spring period. 

The TP and PP concentrations behave differently from the FP in the high 

flow range. At high flows, most of the TP is comprised of the PP 

component. This is shown in Figure 5.1. There is a continuous trend of 

increasing PP concentration with increasing discharge as shown by the 

scatterplots and the regression equations. Since the TP is consisting 

mainly of the PP component, it follows the trend of the PP. In the 

upper flow range there is no evidence of an upper limit of '!'P and PP 

concentration, at least in the range of flows sampled which would 

indicate that it is the source of PP that is the controlling factor and 

not the transport capacity of the flows. The fact that the PP 

concentration increases with the discharge also indicates that there is 

an increasing supply of PP from increasing source areas. Although 

there is a general trend of increasing PP and TP concentration with 

increasing discharge, it is not a straight line log-log relationship, 

The FP concentration does not continue to increase with increasing 

dischar·ge. In all three stations studied, the FP concentration 

increases to a level above the general baseflow concentration and then 

remains at that higher level over the entire range of the high flows 

sampled. There is evidence that it even decreased slightly in the 

highest flows. It is significant that the FP concentration does not 

decrease with increasing discharge, as compared to other solutes. Some 

studies have shown that the FP concentrations decrease with increasing 

discharge due to a diluting effect, but in most cases it could he 

traced to the presence of point sources like sewage treatment plants 

upstream of the sampling sites. 
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The catchments of Burbong and Wickerslack stations have a predominantly 

rural land use, but Oaks Estate station also receives stormwater 

inflows from Queanbeyan. The sources of phosphorus have been 

discussed in section 2. The soils of the catchment are inherently 

deficient in phosphorus (Norrish and Rosser 1983}, and the FP will 

therefore have to come either from the stream sediments, from leached 

plant material or from fertilizers on the catchment surface. It is 

probable that the rainfall is able to scour phosphorus from the 

atmosphere, leach soluble phosphorus from the canopy and leaves of 

plants, and leach soluble phosphorus from decaying organic material. 

This soluble phosphorus is subsequently lost, adsorbed on the surfaces 

of soil particles as the runoff makes its way either as overland flow 

or quick subsurface runoff to the gullies, tributories and the river 

channel. The soluble phosphorus could be still lost in the flow 

channels during transport. The soils in the catchment generally have a 

high clay content and the fact that the FP concentration could be 

maintained at a consistently higher level and not decrease is 

interesting because of the known higher adsorption capacity of clay 

sized particles (Probert 1983, Hart 1983). 

When solub1e phosphorus come into contact with soils, especially the 

clay siz~d particles that are preferentially transported by runoff, the 

concentration of phosphorus decreases and this is referred to as 

sorption. The mechanisms of adsorption and desorption are complex. 

The actual mechanisms of the sorption process will not be discussed 

here but the end result of this proce~s is important to this study. 

Some researchers have found that the proportion of phosphorus as a 

percentage of the suspended sediment remains quite constant throughout 

the range of suspended sediment concentration sample. Fig. 2.2 is 

taken from the paper by Johnson et al ( 1976) which shows the percentage 

phosphorus in suspended solids as a function of suspended solids 

concentration. The percentage is remarkably constant at about 0.1 %. 

Rigler ( 1979} also found that the ratio of P: dry weight of suspended 

sediment to be nearly constant at around 0.2-0.25\. Johnson et al 

( 1976) and Rigler ( 1979) did not advance any possible explanation for 

this observation. 
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Rigler (1979), quoting the findings of Johnson et al (1976), speculated 

that there is a basic similarity amongst streams, but that the 

percentage phosphorus in the suspended sediments may vary with geology, 

climate or landform. Neither the concentration of suspended sediments 

nor the proportion of phosphorus in them was measured during the 

sampling period of the present study. If the above observation is taken 

to be applicable to the present catchment, the high levels of flood FP 

concentration could provide a possible explanation for the observed 

constant percentage of phosphorus in the suspended sediments. 

Particulate phosphorus (PP) consists of that portion of the TP that is 

present in the organic matter and soil particles that are transported 

in the streamflow, During floods, there is a great increase in the 

suspended matter and it is well recorded in the literature that most 

soil erosion occur during these times of intense rainfall and the Lake 

Burley Griffin catchment is no exception. Texture contrast soils 

commonly occur in the catchment, especially on the lower slopes (Gunn 

1969). The important characteristic of this type of soil is that they 

have clayey subsoils and are prone to erosion. The clay particles that 

a selectively eroded and arrive in the stream channel will absorb the 

soluble phosphorus to their surfaces. 

The concentration of soluble phosphorus in the runoff is low. Studies 

have shown that at concentrations of <3 ppm, there is a rapid and 

strong surface adsorption of phosphorus bound to the aluminium of the 

edge faces of the crystals (Muljudi et al 1966). These adsorption 

sites are limited and it is therefore hypothesized that the clay 

particles that provide a large portion of the measured PP adsorped on 

their surfaces have all their readily available exchange sites filled 

by the time they reach the sampling stations. The hydroxy aluminium 

polymers (Norrish and Rosser 1983) on the organic matter can also 

adsorp phosphorus along with clay particles. 

This would explain why the FP concentration does not decreas~ with 

increasing discharge and therefore increasing suspended sediment 

concentration. Because the sampling during floods is limited, it is 

not possible to draw inferences about the supply of FP throughout the 
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passage of a storm except that there is enough FP in the runoff to 

offset the dilution effect of rainwater. 

The above discussion of the effects of floods on .the various phosphorus 

concentrations is true for all floods and not only confined to spring 

floods though the two main floods during the sampling period occurred 

in spring. 

Under a high discharge regime, the phosphorus concentration is 

discharge related and rainfall driven. Under baseflow conditions 

between the high flow events, a different mechanism is involved in 

determining the phosphorus concentration. 

One important factor that has seldom been explicitly considered on its 

own is that of stream velocity and its capacity to both scour and carry 

suspended material. Stream velocity is a function of stream discharge 

and the cross-sectional area of the river at the point. The cross

sectional area may change along different stretches of the same river 

which consequently has stretches of slow and fast flows. The sampling 

sites at Burbong and Wickerslack have concrete weirs built across the 

river and under low baseflow conditions we could expect the sampling 

sites to resemble small ponds of slow moving water. The river at Oaks 

Estate is very wide and the flow is slow at most times. Table 6.3 

summarises some.of the cross-sectional data at the sampling sites. 

During the sampling period, the lowest flows occurred during summer 

with winter and autumn flows slightly higher but yet the FP and PP 

concentration during summer are generally higher. This could be 

explained by referring to the differences in biological activities in 

the river during these seasons. 
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Table 6.3 Cross-sectional Data at Gauging Stations 

-------------------------------------------------------------------------·---
Station Stage (m) MV (m/sec) Area (m2 ) width (m) 

-----·-----~-----------------------------------------------------------------
Burb 0.2 0.7 .75 0.9 s.s 

0.4 2.4 1. 18 2.0 s.s 
0.6 4.8 1. 53 3. 1 5.5 

Wick 0.2 o.o o.oo o.o o.o 
0.4 0. 1 0.30 0.2 3.9 

a. 6 1.4 0.77 1. 8 11. 8 

a. a 6.4 1.31 4.9 19.2 

Oaks 0.2 o.o o.o a.a 0.0 

0.4 0. 1 0.03 2.4 25.2 

0.6 1.1 0. 14 7.7 31.2 

a.a 3.5 0.23 15.2 41.1 

1. 0 7.5 0.31 24.0 47.3 

------------------------------~---------------------------------------------

The relatively high stream temperature in summer promotes the growth of 
. I 

plants and algae in the river. Except from shading by vegetation on 

the streambanks, light penetration is unlikely to limit growth as shown 

by the low turbidity for the samples at Burbong. The samples taken at 

Wickerslack and Oaks Estate show random large increases in turbidity 

that could only relate to construction activities from the Googong Dam 

site. The effects of this on the vegetation and other biological 

activity in the river is difficult to determine quantitatively. Summer 

is also the season of maximum litterfall for the eucalyptus trees in 

the catchment. 

The streambed can apt as a sink for phosphorus following high flow 

events when the stream velocity drops and is unable to keep the 

particulate matter· in suspension. The particulate matter will settle 

on the streambed and act as a source of organic material and energy for 

the various invertebrates that are.active during the warm summer 

period. These invertebrates break down organic matter and release 

soluble phosphorus to the water column. 
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Evapotranspirati:on from the catchment surface is very high in summer 

compared to winter. It could be expected that the summer baseflows 

will be low except for the occasional summer freshets. For a given 

comparable discharge during summer and winter, the summer flow is more 

likely to be a freshet that contains a non-baseflow component that is 

able to detach algae and other plant materials and also disturb the 

biologically more active stream sediments. The presence of the summer 

freshets is shown in Fig. 3.3 which shows the two summer flows having 

intermittent rapid rises and velocity changes. 

6.3.2 Data separated by hydrograph stage 

The objective of separating the data by whether the discharge 

hydrograph was rising, falling or steady is to determine whether the 

phosphorus concentrations are systematically affected by hydrograph 

stage. 

Grimshaw and Lewin ( 1980), Johnson et al ( 1976) and Walling ( 1977) have 

all found that the suspended sediment concentration on the rising limb 

of the hyd.rograph is generally· higher than on the falling limb. They 

had data of close sampling during high flow events which is lacking 

from the present data set. 

Table 5.6 shows the simple regressions for the stage separated data. 

The data for the falling and steady. stages are grouped together, 

The bias of a regular interval sampling program towards the falling and 

steady stage data is again apparent from the number of rising stage 

samples. Over 70% of the observations are in the falling/steady stage 

category and they are scattered throughout the whole flow range. The 

rising stage data and regression are dominated by a single rising stage 

observation. 

There is no consistent pattern in the regressions for the rising stage 

data but the falling/steady stage regressions follow closely the 'all

data' regressions. From the scatterplots, there is no consistent 

pattern of higher phosphorus concentration for the rising stage data. 
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This leads to the conclusion that whilst the rising stage phosphorus 

concentration may indeed be higher the present data set, which lacks 

close interval sampling during high discharges. is unable to 

substantiate the hypotheses. 

6.3,3 Data separated by flow regime 

In section 6.2, the large amount of scatter in the log-log discharge

concentration relationship, especially under low flow conditions has 

been identifie~ The overall scatter on the log TP and log PP 

relationships does not appear to be linear over the entire range of 

flows but have a 'dog-leg', with the log phosphorus concentrations 

spread in a wide horizontal band below a yet to be determined discharge 

level and above that discharge level having a positive correlation with 

the discharge. This observation has lead to the idea of separating the 

data into low and high flow regimes. 

Conceptually; this criteria for data separation is reasonable, in terms 

of the known effects of high rainfall and discharges on soil erosion 

and sediment transport. 

Table 6.3 shows the cross-sectional data. at the 3 gauging sites 

obtained from the Department of Housing & Construction. It is only 

representative of the river in the immediate vicinity but it gives on 

indication of the streamflow characteristics at the gauging stations 

especially during low flows. 

For a given discharge, Burbong shows the highest mean velocity because 

of its smaller cross-sectional area whilst Oaks Estate shows the lowest 

mean velocity. If the stream mean velocity could be used as a measure 

of the sediment carrying and scouring potential of the stream, then 

Burbong will have the greatest potential. 

The stream velocity at which tne water is unable to hold the suspended 

sediments in suspension depends on the particle size and nature of the 

suspended material. The coarser sediments . will settle first, fol.lowed 

by silt sized particles and then clay sized particles. Colloidal 

142 



particles may not settle at all. In theory the stream velocity could 

be used as a criteria for separating the data into conditions where the 

phosphorus concentration is discharge related or otherwise, but in 

practice this is difficult due to the lack of information on the sizes 

of suspended particles and other mediating factors. 

Two approaches have been used to separate the data into flow dependent 

and flow independent groups, one using an analytical method of 

hydrograph flow separation and the other based on the flow-duration 

curve. In both methods the aim was to separate the data so as to group 

together samples taken when quick flow occurs as opposed to samples 

taken under baseflow conditions. 

The program BASUM has been described in section 4.2.3. When there is a 

quickflow component in the discharge hydrograph it can be expected that 

there will be surface runoff from the catchment and that the higher 

stream velocity will be able to hold the eroded and scoured material in 

suspension. The program BASUM is able to separate the discharge 

hydrograph into baseflow and quickflow components and thus provide a 

basis for data sepa:r:ation. 

The level of filtering adopted was 1 pass at a level of 0.9 using mean 

density discharge data. The choice of filtering levels affects the 

start and end of quickflow. 

These filtering procedures do not realistically reflect the catchment 

processes, since there is an increase in baseflow during floods, and 

the quickflow appears to be extended well beyond what would reasonably 

be expected on the falling or recession limb.· This has prompted the 

use of rainfall data in conjur.ction with the numerical procedure. 

The final criteria adopted was to examine the graphical plot and if it 

indicates that there is a quickflow component for the sampling day, the 

rainfall data (2DRF variable) was checked. If the 2DRF indicated 

significant rainfall in. the Freceeding two days, then the observation 

was deemed to contain a qr1.ickflow component. A further check was made 

using the turbidity data. 
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It is further assumed that the catchments are affected by the same 

rainfall events and that their response are similar. 

Table 5. 7 shows the results of the simple regressions. 

The baseflow regressions showed that there is little or no correlation 

between the discharge and phosphorus concentrations. The "a" 

coefficient shows a consistent increase of Oaks> Wick> Burb which is 

consistent with the results shown in section 6.1. The "b" coefficients 

do no show a consistent pattern and none are significant at the 99.5% 

confidence level. The "b" coefficients are generally low. 

The regressions of quickflow data showed a much better correlation 

especially for the log TP and log PP which ranged from 67.4 - 92 , 7% 

r 2• The log FP r 2 values ranges from 25,2 - 45.7% which is lower than 

that. of the log TP and log PP relationships agreeing with the 

observations for winter flows discussed in section 6.3.1. 

The "b" coefficients for the log TP and log PP relationships are hi gh 

and range from 0.58 - 0.91 with the log PP coefficients higher than 

the log TP's. · This could indica::e a faster. response of the log PP to 

change in discharge and reflects the impartance of high discharges in 

determining the amount of particulates transported. 

The "b" coefficients for the log FP relationships are smaller and 

reflect the much slower response of FP concentration to increasing 

discharge. None of the log FP "b" coefficients are significant at the 

99.5% confidence level. From the log FP regressions, it would appear 

that the total filterable phosphorus load is simply a function of the 

total discharge, in comparison to the PP which is a function of the 

concentration and discharge. 

The number of data with a quickflow companent is small and represents 

only about 20% of the total data set. Despite this lack of high flow 

data, the regressions are not dominated by any single or group of data 

points and they are well spread out over the range of flows. 

Statistically, all the log TP and log PP regressions are significant 

at the 99.9% confidence level but care must be taken in its 
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intarpretation. It is possible that there is large spread of data 

along the regression lines. 

The major problem with BASUM and similar hydrograph separating 

techniques is that they need a subjective input from the user such as 

the use of rainfall data and the choice of filtering level for BASUM. 

The advantages are that once the rules are established the procedure is 

objective, 

The technique of using flow duration curves has been widely used in 

engineering hydrology and could present a~ objective way of separating 

the data. A flow duration curve is essantially a method of showing the 

number of times a particular variable is equalled to or exceeded during 

a specified period. Figure 3.12 shows the flow duration curves for the 

3 stations based on mean daily discharge for the 18 months sampling 

period. 

A particular probability of exceedence level could be chosen to 

represent the cutoff point for flow separation. Table 5.8 shows the 

results of using a 20% and 30\ probability of exceedance as the cutoff 

points. It would be reasonable to expect that at the · 20 or 30% 

probability of exceedance level the discharge is very likely to contain 

a quickflow component. 

There appears·to be no real difference between the regressions obtained 

from using ~ither the 20% or 301 probability of exceedance data but 

this has not been ~ested statistically. This may indicate that the 

regressions are not very sensitive to the different probability of 

exceedance used, at least at the 20-301 range. 

6.4 Representativness of Study Period and Study Catchment 

6.4.1 Long Term Streamflow 

Most studies of the transport of nutrients and other solut~s and 

sediment reported in the literature abov~ have been based on short 

sampling periods that may not reflect or represent the long term 
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hydrologic conditions in the catchment. The rainfall and stream flow 

regime could be very variable especially in Australia, where the 

streamflow variability is high compared to rivers in other parts of the 

world. (McMah6n and Mein, 1978). This is also shown by the flow 

durarion curve,(Fig,3.12) 

Figure 3.10 and 3.11 shows the cumulative departure from the mean of 

the total annual discharges at Burbong and Wickerslack (Googong) 

Stations. The cumulative departure plots showed similar trends in the 

long term variations. From 1930-1947, the annual discharges were 

generally below the long term mean. From 1948-1964, the trend is 

towards higher than long term mean discharge. From 1965-73 there was 

again a downward trend. The sampling period of 1975-1976 had above 

average annual discharge. 

Fro1I1 this, it can be seen that the study period is not representative 

of the long term trend which is inevitable because of the short study 

period. The possible effects of this in terms of the 

representativeness of the data and the bias that would result if a 

different study period had been chosen would be discussed below. 

6.4.2 Supply and transport of Phosphorous 

The results of this and other studies indicates that most of the 

phosphorus and suspended solids are transported during major storm 

events. In between these events, the catchment and stream channel may 

a ct as a store for these materials, The period from 1935-1947 was a 

succession of below average annual discharge. Under these conditions 

the supply of phosphorus on the catchment surface will increase as a 

result of accumulation of plant · material and also from• the ashes of 

bushfires.Although minor storms may occur there will be a nett increase 

in transportable phosphorus. 

On the other hand, the period 1948•1952 could be expected to behave 

quite differently in terms of phosphorus supplies. There will be a 

gradual depletion of phosphorus supplies with each successive year of 

above average mean annual discharge. Therefore, if short studies o f 
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one o~ two years duration are undertaken during either of these two 

periods, different conclusions could be drawn about the phosphorus 

export from the same catchment. The result could again be very 

different for the above two cases if a study was done in the period 

after the 1925-47 dry period when large quantities of transportable 

phosphorus could be available. 

The period 1974-76 had above mean annual discharge. Prior to that there 

was a series of dry years. Therefore, in terms of phosphorus supplies, 

the transportable phosphorus accumulated during this period could have 

been exported from the catchment during 1974 which experienced a 1 in 

30 year flood. 

6.4.3 Concentration- Discharge Relationships 

Linear regression is favoured by many researchers because it is easy to 

use and provides a convenient method of analysis and presenting the 

data. The statistical aspect of linear regression has often been 

neglected and the validity of using linear regressions in terms of the 

assumptions discussed in section 4. 3 has seldom been discussed. 

The timing of the sampling period is often beyond the control of the 

researcher, eg. it could be subject to the availability of funds, etc. 

During the sampling period, the range of.discharge that could be 

sampled is again not under the control of the researcher and depends on 

the rainfall regime during that period. 

The largest storm sampled was identified as a 1 in 24 year flood and 

therefore any rating curve that is constructed from the data is 

strictly limited to predicting w.i.thin that range. The usefulness of 

the rating curve as a predictor tool is limited to the range of the 

data collected. 

The scatter about the re_gression line is a well established fact and 

the probable reasons for this.scatter has been discussed elsewhere. To 

date, no-one has been able to quantify the relative magnitude of the 

scatter dqe to within storm variations as opposed to between storm 
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variations. This aspect is significant because if the betweE::n storm 

variations are very much larger than the within storm variations, then 

the samples taken during individual storms cannot be assumed to come 

from the same population and therefore the"all-data" approach is not 

valid. 

The problem of difference of relative magnitude between the two sources 

of variation discussed above is partly reduced by to the use of log-log 

transformations, The difference is important during major storm events 

when the discharge is high but the larger the discharge ,the less 

weight it gets from the log transformations and consequently from the 

least-square method of deriving the line of best fit. 

6.5 Streamflow Generation 

A hydrograph of stream discharge versus time is the most commonly 

published hydrologic data for gauging stations, It represents the 

ititegrated result of all the hydrologic processes that occurred 

upstream of the gauging station. 

On a time basis, a hydrograph can be separated into the two components 

of quickflow and baseflow. Quickflow is the part of the hydrograph 

that represents that runoff that reach the gauging station during and 

immediately after storm events, while baseflow is the component that 

persists between storms •. 

The discussion so far has established that most of the phosphorus loads 

are exported during · storms in the quickflow component of the 

hydrograph. This indicates that the processes that govern quickflow 

production. may be important in understanding phosphorus exports. 

6.5.1 Quickflow Generation 

The various quickflow producing mechanisms were discussed in section 

2.2 and the implications of these mechanisms in terms of the phosphorus 

exports in this study will now be discussed. 
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6.5.2 Relative Contribution of Overland Flow and Subsurface Stormflow 

Dunne (1978) has summarised some indices of hydrograph characteristics 

that are typical of catchments that have Hortonian overland flow, 

subsurface stormflow and saturated overland flow (variable-source) as 

the dominant mechanism. 

Two of the indices used are the runoff coefficient (runoff 

volume/rainfall volume) and the recession constant K. 

K is the constant calculated from the equation. 

Qt = QoKt where Qo = peak discharge 

Qt = discharge at time t 

K = a recession constant 

t = time since peak (hr) 

The equation is fitted to the recession limb of the hydrograph. 

Table 6.4 summarises some of the values of the indices for the 

different runoff mechanisms, 
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Table 6.4. Runoff coefficients and constant K for different runoff 

mechanisms. 

-----------------------------------------------------
Runoff Mechanism Location Area Runoff Constant Source 

(km2 ) Coefficient k 

-------------■- ----------·----------------------
Hortonian o/1 

flow 

Subsurface 

stormflow 

Variable-source 

stormflow 

-----------

Tombstone 

Arizona 

Stillwater 

Oklahcma 

North 

carolina 

Sleepers R. 

Vermont 

Sleepers R, 

Vennont 

148 

0.064 

0.435 

8.30 

110 

0.03-0.25 0.21-0.so us Dept. 

maan=O. 14 mean=O. 34 Agric. 

(1963-71) 

0.33-0.90 0.008-0.32 US Dept. 

mean=0.68 mean=0.022 Agric. 

( 1963-71) 

0.1 0.97 Hewlett & 

Nutter (1970) 

0.05-0.39 0.77-0.89 US Dept, 

median=O • 13 Agric. 

( 1963-71) 

o. 02-0. 44 0.84-0.94 US Dept~ 

median=O . 13 Agric. 

(1963-71) 

------------ ------

The above table gives only a few of the examples presented in Dunne 

( 1978). The largest catchment area was only 148km2 and only 0.435 km2 

for the subsurface stormflow hydrographs. Analysis. of the original 

tables showed that the catchment area had a very.significant effect on 

the indices. For hydrographs of Hortonian ovex-land flow, the runoff 

coefficient tend to decrease with increasing area and the constant K to 

incr.ease with increasing area. 

For catchments subject to variable-source stormflow contribution, the 

runoff coefficient and constant k both tend to increase with increasing 

drainage area. 
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Table 6.5 summarises the characteristics and indices of the hydrographs 

for the two major storms at Burbong and Wickerslack. The river reacts 

quickly to the rainfall input, with a rapid rise and fall of the 

hydrograph. This is also shown by the steepness of the flow duration 

curves. The hourly storm hydrograph for the October 1976 flood shows a 

very rapid rise and fall with a peak mean hourly flow of 628 m3 /sec. 

Analysis of the rainfall data available indicated that the lag time 

between peak rainfall and peak runoff was less than 24 hours and the 

ratio of quickflow runoff volume/ rainfall volume was 0.4. 

Table 6.5 Runoff coefficient and K for two major floods. 

Station Runoff Coefficient* Constant K 

Oct.1975 Oct.1976 Oct.1975 Oct, 1976 

---------- ----------- --------------------------------------------------
Burbong 0.29 0.49 0.96(108)** 0.95(628) 

Wickerslack 0.34 0.41 o. 94(239) o. 94 (637) 

---------------------------------------------------------------------------
* quickflow runoff obtained from programme BASUM 

rainfall data not areally weighted 

** { ) Highest mean hourly discharge 

The relationship for constant K 

If the falling limb is very steep, then the ratio Qt/Q
0 

will be small 

and K will be small .and vice versa, though K is not equal to 1. 
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A comparison of Tables 6.4. and 6.5 suggests that the study catchment 

storm response would correspond better to the variable-source stormflow 

model than the other two. The subsurface stormflow could be discounted 

because the shape of the hydrograph itself suggest that subsurface 

stormflow plays only a minor role. 

6.5.3 Variable-Source Areas 

The identification of variable-source areas have been the subject of 

many studies (Dunne et al 1975, Freeze 1974, O'Loughlin 1981, Anderson 

and Burt 1978, Heerdegen and Beran 1982 ). Most of the field studies 

are on small plots and hillslopes using a variety of methods. Freeze 

(1974,1980} used mathematical simulation of streamflow generation 

whilst Dunne (1975}, Anderson and Burt (1978} used soil moisture 

measurements to map out the source areas. Heerdegen and Beran ( 1982) 

used the land surface curvature and shape to quantify source areas. 

There have not been many Australian studies done on variable-source 

area identification but a study by O'Loughlin (1980) has shown that the 

size of runoff-contribution areas is dependent on topographic, soil and 

flow parameters. 

Most field studies are done on small areas using field instruments that 

are impractical on large catchments such as the · present study 

catchments. Dunne et al (1975) have suggested some ways of evaluating 

the size and location of the seasonal or inter-storm variation of the 

saturated zones using possible relationships to topography, soils, 

vegetation and various hydrological parameters. Of the four possible 

relationships identified by Dunne.et al, soils seem most promising for 

the study catchment and will be discussed further. 

Dunne et al (1975), Anderson and Kneale (1982), Anderson and Burt 

(1978), Freeze (1980) and O'Loughlin (1981) have all identified the 

importance of topography in determining · the extent of variable-source 

areas. Variable-source areas are more likely to occur in areas of low

angled topography and hillside hollows near stream channels. If these 

areas of low-angled topography could be identified on a catchment basis 

then they could provide an indication of the possible extent and 
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distribution Jf the variable source areas, The soils of these areas is 

also an important factor because it controls among other things the 

erodability, vertical and lateral transmissivity of water through the 

soil and the depth of the water table, 

The soil morphology is useful in indicating the extent of the saturated 

areas in· the catchment, Soils that are subjected to seasonal 

waterlogging develop a mottled appearance or gleying. The depth at 

which mottling occurs in a soil profile reflects the depth of the water 

table for periods of about 2 months or more during the season in which 

saturated areas are likely to be most extensive {Daniels et al 1971, 

Simon.son and Boersma, 1972 quoted in Dunne et al 1975). The reducing 

conditions develop more slowly in the deeper subsoils because of the 

lack of organic matter, so that gley morphology reflects longer periods 

of saturation than the surface soils. 

In the description of the soils of the catchment by Gunn { 1969), the 

presence or absence of subsoil mottling has been recorded. This has 

been shown in Table 3,6, Most of the texture contrast and many of the 

massive earths have mottled subsoils. This is quite significant • 

because of the high clay content of these soils. 

The importance of topography and soils has been discussed previously, 

and Appendix A shows the soils and vegetation of the lower slopes and 

valley bottoms of the various land systems. These tables give a picture 

of the types of soils, modal slopes, presence of colluvium and the 

occurrence of gUllies in the areas that are most likely to be variable

source areas. The areas occupied by each of the land units have been 

roughly calculated from the data given in Gunn et al (1969) in 

combination with the area of each land system, 

From the description of the land forms in Appendix A the soils and the 

vegetation of the lower slopes and valley floors t.he following 

observations could be made. 

i) Except for the mountains and plains, the valley floors and 

alluvial flats all have gully erosion. The soils are all texture

contrast soils with mottled subsoils and the vegetation are either 
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savannah woodland or grasslands. The presence of the gullies and 

the mottled subsoils suggest that saturated overland flow does 

occur. 

ii) The lower slopes of the same land systems in i) also show 

occasional gullies but the soils are more variable and includes 

texture-contrast soils, massive earths and uniform soils. The 

modal slopes in the hills and rolling terrain are larger, from 4-

15% which would suggest a limited extent of source areas except in 

shallow swales and hollows. In undulating terrain, the slopes are 

gentler (2-4%). 

iii) The mountains have steep valley slopes which are usually not 

gullied and have been mapped by Higginson and Emery (1972) as 

areas of no appreciable erosion. It is possible that source areas 

are limited to small area1;1 adjacent to the stream channels and 

because of the steep topography subsurface stormflow could 

contribute to storm runoff. 

iv) The plains are present only in the Molonglo catchment. They are 

usually not gullied but are prone to flooding. 

In this section the possible variable-source areas in the study 

catchments have been roughly identified. It is not possible to analyse 

in more detail the exact extent of the source-areas or the in-storm 

variations. In the next section, the implications of the variable 

source areas to phosphorus and sediment exports will be discussed. 

6.5.4 I~plications for Phosphorus Export studies and Catchment 

Management 

The need to be able to recognise and predict saturated zones has been 

recognised by many researchers (Dunne et al 1975, Cullen and O'Loughlin 

1982). There are many reasons why a knowledge of the areas of a basin 

that can yield saturated overland flow is important and they will be 

discussed below. 
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Traditional methods of rainfall-runoff prediction such as the unit 

hydrograph or the rational formula assumes that the whole catchment 

contributes to quickflow runoff. These methods may need to be 

reappraised, especially if they are to be used in conjunction with 

water quality models, because for pollutants like particulate 

phosphorus it cannot be assumed that the whole catchment is 

contributing to the phosphorus export. 

There is a need for models that can take account of the variable source 

areas if they are to realistically model ~he runoff process and water 

quality changes. 

The most common way of expressing the phosphorus export from a 

catchment for a given period is to express the load as mass per unit of 

catchment area per year ie. kg km-2 yr-1. This method implies that the 

whole · catchment is contributing to the load exported during the time 

interval which according to the variable-source area theory is not 

true. •A better and more accurate way would be to express·the level as 

per unit of saturated area but a number of problems as to how to 

determine the extent of the satur~ted areas will need to be solved 

before this could become practical, 

The saturated areas are particularly relevant to particulate phosphorus 

whioh will only move with overland flow and therefore to express the 

amount of particulate phosphorus removed from the catchment as per unit 

of the whole catchment could seriously underestimate the true export 

per unit area. Another result of this could be to make comparisons of 

export rates between different catchments invalid, according to the 

extent of saturated areas in the catchments. 

Land use is obviously an important factor in determining the amount of 

nutrients· exported from the catchment. Sheep and cattle grazing is the 

predominant land use in the study catchments and therefore where and 

how they graze may be important. According to Story { 1969) there is a 

lack of grazing control in the catchment and t!lis has led to a patchy 

appea~ance of the pasture caused by selective grazing, and in heavy 

trampling on the hill tops. Stock graze more on the higher ground and 
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avoid the drainage lines, and a steady increase is noticeable upslope 

in the accumulation of dung. 

This observation is particularly significant because if the stock graze 

away from the drainage areas and in higher ground away from possible 

saturated areas, then their impact would not be as significant. 

Nevertheless they do approach the stream channels for drinking and if 

stock watering could be controlled the disturbance would be minimized. 

Another aspect of the source-area concept that has major implications 

for phosphorus exports is that in areas where saturated overland flow 

does not occur, the type of land use will not be relevant. The rain 

that falls on these areas will infiltrate into the soil and move 

downslope as subsurface flow but their dissolved phosphorus loads are 

likely to be lost to the subsoils through adsorption on clay particles 

or precipitation as iron phosphates (Cullen and O'Loughlin 1982}. 

Although the land use in these areas may not directly influence the 

phosphorus export, they may indirectly affect the extent of the 

saturated.areas. Examples of this could be the cutting down of trees in 

the hillslopes that could affect the ground water-table, trampling and 

compaction of the soil by grazing animals that may cause localised 

Hortonian overland flow and the planting of crops and improved 

pastures. 

Aerial superphosphate application is widely practiced in Austra l ia, 

especially on improved pastures. As far as possible aerial 

fertilization should be accurate · and well timed to avoid fertilizing 

saturated areas near streams especially just before rain events. 

There are a number of ways that management practices could help reduce 

non-point pollution from source areas and these have been reviewed by 

Cullen andO'Loughlin(1982). 

156 



6.6 Other factors contributing to scatter in rating curves 

The plot of concentration vs. discharge for the phosphorus forms in the 

three sampling stations showed a great degree of scatter in the low 

flow range and it could reasonably be expected that there is also a 

comparable degree of scatter in the high flow ranges. 

Various methods have been tried to 'explain' the scatter observed and 

to derive an acceptable rating curve. These attempts have been 

described and discussed in the preceed~ng sections and the general 

conclusion is that they have not been successful since there is no 

simple correlation between concentration and discharge. In this 

section, factors that are known to affect the amowit of scatter in the 

rating curve as discussed in the literature will be presented and their 

application to the study catchments discussed. 

6.6.1 Lead-lag Characteristics 

A simple way of analysing the behaviour of the phosphorus concentration 

during floods is to plot the phosphorus concentration chemograph and 

discharge hydrograph on the same time axis and observe the relative 

behaviour of the two graphs. On almost all the studies reported in the 

literature for TP, PP, FP and suspended sediments, the peak of the 

concentration and discharge hyd:tographs do not coincide but in fact, 

either lead or lag each other. The lead or lag time varies with each 

study and even within a study catchment it may vary from flood to 

flood, depending on many factors that have yet to be quantified. It is 

impossible to determine the behaviour of the peaks of concentration and 

discharge in the present study because of inadequate data to trace the 

temporal variation of the phosphorus concentration. 

Verhoff et al. ( 1979, 1980) reported that the TP concentraticn peaked 

ahead of the discharge peak. Loughran ( 19 77) al so .· reported that the 

suspended sediment concentration peaks before the discharge. Johnson 

(1979) reported that the dissolved concentration p~aked slightly before 

the discharge · in his study catchment. 
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The lead of concentration peak before the discharge peak is not 

universal. Geary (1981) reported that the suspended sediment 

concentration peak lagged the discharge peak. Various researchers have 

proposed various reasons for this observed lead-lag effect which will 

be discussed below. 

6.6.2 Movement of kinematic flood waves in river channel 

In order to understand the behaviour of the lag effect that can occur 

in natural river channels, especially in large catchments with long 

channels, a knowledge of the behaviour of flood waves as they move down 

the channel is necessary. 

Many flood waves in natural river channels approximate to a kinematic 

wave moving with wave celerity c. In hydraulics terminology, a 

kinematic wave is defined as one in which the discharge Q is a function 

of the depth y of the flood wave at that point alone, which in turn 

implies that the friction slope Sf equals s
0

, the slope of the river 

channel. The other requirement is that there is no attenuation or 

subsidence of the flood wave. 

A kinematic flood wave will move downstream with its wave celerity c, 

which is different from the average flow velocity v, the velocity with 

which the solutes and suspended material are transported downstream. 

If the wave celerity c is higher than the flow velocity v, then as the 

flood wave proceeds downstream, it will progress further and further 

ahead. 
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From the continuity equation for unsteady flow, it can be shown that: 

C = dQ 1 dQ 
e ♦ •• • • • • e • • e • • • • • • • e ♦ • • ♦ I ♦ ♦ ♦ 1 

dA B dy 

= v + A dv ••••••••••••••••••••••• 2 

dA 

where, Q is the discharge rate 

A the instantaneous water cross-sectional area 

v the mean water velocity over the X-section 

For a wide rectangular channel and an assumed constant Chezy c 
coeffient, using the Chezy equation for Q will give: 

Q = CA (R.s)0.5 

• CBy (y.S )O.S 

where, B = channel width 

differentia ting with respect to gives 

dQ = CB 50.5 • 3 Y0.5 

dy 2 

R = y fqr wide channels 

S = friction slope 

= So 

substituting this expression for dQ in equation 1 gives 

dy 

C = 1 • B. 3 C {ys) 0• 5 

B 2 

= 3 V 

2 

•• •••• • ••••••••••••••••• 3 

c = 1.5 for a wi de rectangular channel 

V 
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From equation 2, we can see that c depends on the cross-sectional area 

and is always greater than v because dv is always positive. 

dA 

The c/v ratio could be calculated using different channel cross

sectional shapes and the table below shows the theoretical c/v ratios 

for various cross-sectional shapes of channel. 

Table 6.6 The~retical c/v ratios for different channel shapes 

------------------------------------------------------------------------
Channel shape Wide rectangular Wide parabola Triangular 

-----------~------------------------------------------------------------
c/v 1.50 1.33 1.25 

--------------------------- - ----- -----

(from Glover & Johnson, 1974) 

Most automatic stream gauging stations operate by measuring the river 

stage which is then converted to discharge using a stage-discharge 

rating curve. Table 6.10 and equation 2 shows that in all cases, the c 

> v, which means that the flood wave which travels faster will register 

first ~t the stream gauging station. For a situation where the 

concentration and discharge peaks coincide at some point further 

upstream, the concentration peak or trough for the curve of some 

solutes, will progressively lag behind the discharge peak. 

Glover and Johnson (1974) provided both field and laboratory study 

results that indicate that this mechanism is possible and that the 

prog~essive lag of the solute concentration tr6ugh behind the peak 

discharge· could be adequately explained with this theory, . Walling and 

Webb ( 1979) cited work involving a reservoir release into Tymochtee 

creek, bhio, in which the wave front took 96 hours and the specific 

conductance trough took 166 hours to reach a station 50 km downstream. 

The magnitude of this lag increases as the distance travelled 

increases. For small catchments, this lag effect will be small and has 

seldom been considered. The present study catchments are large <:ind 
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therefore this mechanism could be important. In the absence of other 

factors that would be discussed later, it would reasonably be expected 

that the TP and PP concentration peak would lag the discharge peak. 

The behaviour of the FP is harder to predict because it behaves quite 

differently from PP or other solutes. 

The degree of lag have an important effect on the shape of the 

hysteresis loop observed when the concentration is plotted against 

discharge over a storm event. In the case of the concentration peak 

lagging behind the discharge peak, an anticlockwise loop would result 

and vice versa. The size and shape of this loop will vary with the 

magnitude of the lag. A smaller lag will introduce lesser scatter and 

a narrower hysteresis loop. 

As have been said earlier, the concentration peak does not always lag 

behind the discharge peak, walling ( 1977) have found that on the 

Creedy Creek catchment (258 km2 ), the turbidity and therefore the 

suspended sediment appear to peak ahead of the discharge and that 

concentrations on the rising stage were generally higher than on the 

falling stage of the hydrograph. · This appears to be opposite to what 

has been discussed in this section. In this case there must be another 

factor or factors that have a bigger infl~ence than the present 

mechanism. 

6.6.3 The Spatial Dimension 

In most catchment studies, the catchment is treated as an aggregate 

unit and little attention is paid to the spatial non-uniformity 0£ the 

various runoff and material source areas, the effect of the agc;regation 

of runoff and solute or sediment concentrati on and their ar.rival times 

from various sub- catchments, and the effect of channel routing on the 

final form of the discharge hydrograph and chemographs. 

Walling and Webb (1980) have studied a n umber of rivers in Devon, 

En~land and their results showed that the spatial dimension has an 

important influenc~ on the solute behaviour. They showed that the 

relative contribution of discharge magnitude and solute concentration 
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from different parts of the catchment could affect the shape of the 

hysteresis loops due to the different arrival times at the outlet of 

water from different parts of the catchment. 

This spatial aspect of runoff from different parts of the catchment 

could be important for large catchments like the present study 

catchments. The Queanbeyan River and Molonglo River catchments are 

adjacent to each other and are elongated in a North-South direction, as 

shown in Figure 3.8, Figure 3.4 shows the various erosion classes 

within these two catchments and it can be seen that at Wickerslack 

Station, the Burra Creek which joins the Queanbeyan River not many 

kilometres upstream is a major source of suspended sediments and PP, 

The high rainfall areas to the South show little erosion. In the 

Molonglo River catchment, the areas of major soil erosion are around 

and south of Burbong station and also the disused mining areas near 

Captains Flat, 

In both catchments, the areas of most significant erosion are nearest 

to the sampling stations. In the simple case of uniform rainfall over 

the whole catchments, the contributions of high concentration PP and 

suspended sediment runoff from these areas would reach the sampling 

stations first, earlier than the contribution from the southern parts 

of the cat:::hment. · The effect of this on the temporal behaviour of the 

solutes and suspended materials could only be speculated but may be 

significant. This is further complicated if the pattern of summer and 

winter storms varies. According to McAlpine and Yapp (1969), in summer 

the area is affected by anticyclones centred to the south of the 

catchmt!nts and by southerly extensions· of frequent low-pressure 

systems. This would mean that the southerly moving storms will reach 

the areas of 9reatest erosion first. In winter, the storms tend to 

move in an easterly direction. 

The situation in Oaks Estate Station is further complicated by the 

contribution of flaw from the Malonglo River and Queanbeyan River 

upstream. The Queanbeyan ~ contributes more water than the Molonglo R 

upstream of the confluence. 
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6.6.4 Phosphorus and s~spended sediment sources 

The phosphorus and suspended materials can either originate from the 

stream channel itself or be brought in by overland flow from the areas 

adjacent to the streams. The proportion of material that come from 

each source is variable but some studies have shown that the proportion 

contributed by the stream channel through processes like streambed 

scouring and streambank erosion can be very significant. 

Hooke (1979) in a study on the pattern of erosion on sections of river 

banks in Devon, England, identified two major processes of streambank 

erosion, namely direct corrasion and slumping. Corrasion is the direct 

shearing off of material of the bank at high flows whilst slumping 

occurs when the bank is thoroughly wet leading to slumping of large 

blocks of material, often after the flood peak has passed. The 

scouring of the river bed is due to increased water velocity. 

Both corrasion and slumping can be .expected to occur in the study 

catchments. This is shown by the frequent occurrence of gullies and 

the mainly texture-contrast soils of the valley floors. Durham ( 1958), 

and Williams (1977) have mentioned the occurrence of active stre~mbank 

erosion in v~rious parts of the catchments. 

Streambed and streamhank erosion occurs in every part of the channel 

system. The extent and location of significant active erosion depends 

on local soil type, antecedent moisture condition~, vegetation, the 

presence of localised high velocity areas and conditions that vary 

between different storms such as rainfall intensity. 

If it could be established that the stream channel contributes a 

significant proportion of·.the suspended sediment or. PP, then the whole 

concept.of the unit area loading will need to be examined more closely, 

Apart from . the inherent inaccuracies and uncertainties in calculating 

the total loads itself, calculation of the unit area load :on.a per unit 

area per unit time basis·could seriously underestimate the. true loading 

rate. Comparisons of loading rates between catchments could be 

rendered invalid because of the different erosion characteristics of 
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the stream channels which could be influenced by the type of streambank 

soil, different antecedent conditions, channel slope, stream length and 

drainage pattern, and also rainfall characteristics. This difference 

in source of material could account for the range of unit area loads 

found in the literature, of catchments with similar land-use and 

geology. This further implies that each catchment is unique in its 

runoff and solute/sediment producing characteristics and that results 

from one catchment could not be easily applied to other catchments. 

The supply cf available transported material varies throughout a flood 

event. Streambed scouring and scouring of easily detachable material 

at the onset of increased flows could contribute to the first-flush 

effect mentioned by many researchers, especially of solutes. After the 

initial flush of readily accessible material, new sources need to be 

accessed if. the high concentrations are to be maintained or increased. 

Conceptually, a stream channel could be divided into different 

compartments whereby the source of streambank material could be 

gradually accessed as the stage and discharge increases. Only material 

that is below the stage for a particular discharge could be accessed 

and as the discharge increases so does the stage and therefore new 

sources of supplies. This gradual increase in supplies have seldom 

been explicitly taken into account. The passage of a flood wave could 

easily access material on the streambank that would normally be 

inaccessible. 

If the flood flow overtops the streambanks then it will have access to 

a large area of suspendable and dissolved material. The Molonglo River 

is occasionally flooded, in the Arnprior and Bungendore land systems. 

The area is lightly cropped and grazed, and could supply a. readily 

available source of particulate and dissolved phosphorus. 

As a flood recedes, the suspended material will gradually settle in the 

flood plains and in the river channel itself. If there are a series of 

large floods, the store of readily available material coul~ be depleted 

with the latter floods having lower concentrations. This depletion 

effect may explain some of the variance when an 'all-data' approach is 

used in the rating curve. 
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In the study catchments, the flood of October 1975 was preceded by a 

series of floods of a higher magnitude in June and July 1975 and a 

flood of slightly lower magnitude in late September 1975. On the other 

hand, the flood of October 1976 was the first flood after a long period 

of very low flows. It could therefore be expected that the PP and FP 

concentrations might behave differently with respect to phosphorus 

supplies. The present data set can give no indication of this 

depletion effect. 

Vansickle and Beschta ( 1983) have recently reported a study that used 

an extended model of the sediment transport rating curve which includes 

a sediment supply term. It takes into account the successive sources 

of sediment as the stage rises, They reported that on a storm by storm 

basis, their model of sediment transport as a function of streamflow 

and sediment supplies fits observed concentration levels more closely 

than a sediment transport rating curve. The study catchment was a 202 

ha undisturbed moderately steep (25-40%) forested catchment in the 

Oregon Coast Range. 

The major problem with this approach will be the uncertainties with 

respect to the specific location, size and relative accessibility of 

the supplies sites especially for large and heterogeneous catchments. 
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7. CONCLUSIONS 

In this thesis, the relationship between phosphorus concentration and 

discharge has been investigated using data collected during an earlier 

study by Cullen et al (1978). 

The results of the simple regressions (section 6.1) showed that the 

double logarithmic transformation of concentration and discharge to be 

the most acceptable, although the r 2 -values were <51%. Data clustering 

precludes the use of untransformed data whilst spurious correlation 

precludes the use of load vs discharge rating curves. 

The TP, FP and PP concentrations all showed a positive correlation with 

discharge but the F.P showed a much lesser increase. The close 

association of TP and PP concentrations showed that during floods, most 

of the TP is in particulate form. 

The use of river temperature (TEMP), a drought index (BKI) as an 

indication of the antecedent soil moisture condition and the rate of 

change of flowrate (RCF) did not improve the amount of variance 

explained although the temperature variable provided a small but 

significant increase in r 2 at Burbong (section 6.2). 

Separating the data according to season and hydrograph stage did not 

significantly improve the regressions. Separating the data according 

to flow regime may be worthwhile. Under baseflow conditions, the 

phosphorus concentration is unrelated to discharge. During storms when 

there is a -quickflow component, the TP and PP are well correlated with 

discharge but the FP component does not increase as fast. The results 

indicates that the FP load during high flows could be a simple function 

of discharge whilst the TP and PP loads are a function of concentration 

and discharge.· The use of a flow duration curve could provide a simple 

criteria for separating the discharge data. The resulting regressions 

for the high discharge data does not appear to be se.ns i ti ve to either 

the 20% or 30% probability of exceedence level. 

Some major de£iciencies in using data from weekly sampling programs to 

construct concentration-discharge rating curves have been identified. 
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The data is biased towards :i.ow discharge data, partly due to the 

predominance of lower flows during the study period and also the lack 

of appreciation of the importance of floods in the transport of 

phosphorus and the practical difficulties of close interval sampling 

during this critical period. The resulting lack of adequate medium to 

high discharge data and close sampling data have led to many of the 

variables and appreciation of data separation ineffective. Any future 

study of phosphorus export from non-point sources will have to be 

opportunistic, based on a storm by storm basis instead of regular fixed 

interval sampling. 

The various concepts of overland flow generation have been reviewed. 

Although the study catchments have been identified as subhumid, the 

saturated overland flow mechanism proposed by Dunne and Black appears 

to be the major runoff generating mechanisms, Since PP and FP. can only 

be transported from the catchment surface by overland flow, the 

identification of the possible source areas is important as it has 

major implications for land-use and catchment management. It could 

also invalidate the concept of unit-area loading. 

The log coricentration vs log discharge plots showed a great degree of 

scatter, especially in the low flow range.· Under low flow (baseflow) 

conditions when the flow velocity is low, the instream variables like 

light, temperature, invertebrate activity or plant and algae growth 

could exert a larger influence on the phosphorus concentration than the 

discharge. In large catchments during floods the scatter could be 

caused by factors such as the movement of kinetic flood ~aves and the 

spatial dimension that could introduce a lead-lag effect on the 

concentration and discharge peaks, The other variables, like the 

sources, and depletion .of transportation phosphor\ls is important ii'l 

all catchments, irrespective of size, All these factors are very :-1ard 

to quantify. 

The hydrologic regime during the study period is not representative of 

the long-term reg,i.me. The results of this analysis could have been 

very different if the two major floods had not occurred or the ::;ampling 

done during a period of below-average mean annual flows. 
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In conclusion, based on the present data set, the use of concentration

discharge rating curves for load estimation is not advisable and unless 

the scatter can be satisfactorily accounted for, the method could lead 

to very different loading estimates. There is no simple relationship 

between the concentration and discharge, 
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APPENDIX A. Land Systems of Study Area. 

MOUNTAINS 

Harrison (Ha),Mountains on folded sedimentary rocks; shallow gravelly 
or stony uniform coarse-to-medium~textured soils, ~y 
and intermediate sclerophyll forest. 

Jinden (J). 

Spring (Sp) • 

Minuma (Mi). 

Mountains on folded sedimentary rdeks; shallow red and 
yellow massive earths; wet_ and interlii.ediate sclerophyll 
forest. 

Rocky mountains on granite · and v91canics; 
uniform coarse-textured soils; intermediate 
s.clerophyll forest or savannah wd6d1and. 

shallow 
a.nd dry 

Mountains and hills on· granite and· volcanics; gravelly 
and stony yellow massive earths; · intermediate and wet 
sclerophyll forest. 

Tallaganda {T) Mountains and hills on granite; uniform ~edium-textured 
soils; wet and intermediate sclerophyll forest. 

Parkers (P). Hills on folded sedimentary rocks; - massive earths and 
shallow gravelly uni

0

fbr·m medium-t_extured soils; 
intermediate and dry sclerophyll forest. 

Woolcara (W). Hills on folded sedimentary rocks; _ shallo_w graveliy 
.uniform medium-texture0d soils; dry scleropllyll • forest 
and savannah woodland. 

Rossi (R}. Rocky_ hills on granite and volcanics; - texture""contrast 
soils and massive earths; intermediate sclerophyll 
forest and savannah woodl;abd. 

Gibralta {Gi) Rocky hills on granite and ~olcanics; . texture-contrast 
soils and massive earths; savannah woodland. 

ROLLING TERRAIN 

Schofield (Sc),Rolling country on folded sedimentary rocks; shallow 
gravelly uniform medium-textured soils, massive earth$, 
and texture-contrast soils; dry_ sclerophyll ·_ forest and 

Roberts (R) • 

savannah woodland~ - -' --- · ·-•- . .-

Rolling uplands on folded sedimentary rocks; . . shallow 
gravelly uniform medium-textured s6i1S( l.11termediate 
and dry sclerophyll forest and sa~annah woodland. -

Glenrock (Gl). Rolling uplands and basins on disaggregated granite; 
yellow massive earths_- and texture-contrast soils; 
intermediate sclerophyll forest and savannah w-oodland. 

Wrexham (Wr). Rolling country. on granite; -texture-contrast soils; 
dry sclerophyll torest and savannah woodland. 
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Muskerry (Mu) Rolling to undulating country with f:r;equent outcrop on 
volcanics; texture-contrast soils1 intermediate 
sclerophyll forest and savannah woodland. 

N anitna. (N ) • Rolling country on· volcanics; shallow massive earths, 
structured red and brow.n soils, and texture-contrast 
soils; savannah wood-land, 

UNDULATING TERRAIN 

Gundaroo (G). Undulating lowlands on folded sedimentary rocks; 
texture-contrast soils and massive earths; savannah 
woodland, 

Braidwood (Br) Undulating country on granite; texture-contrast soils; 
structurally varied snow gum communities. 

Burra (Bu). Undulating lowlands on granite; texture-contrast soils; 
savannah woodland and dry sclerophyll forest. 

Hall {Hl). Undulating. lowlands on volcanics; 
massive earths; savannah woodland. 

red and yellow 

PLAINS 

Arnprior (A). Alluvial flats subject to flooding in lower parts; 
uniform medium;..textured alluvialsoils1 mostly cleared, 
formerly open savannah· woodland. · 

Bungendore (B).Lacustrine plains. generally inundatedt old lacustrine 
and.riverine plains and alkaline texture--contrast soils; 
secondary grassland or cultivation. 

KXJNrAINS AND.HIILS 

Iand Systa:n 

Ha.r.ris:,n (Ha) 

Iower slqies and 
·valley·~; 
sl:l:ny oolluv:iun; 
no a.lluvial flats 

Ia,,ier slcpes.·and 
.valley · 1::ottcm3; . 

stalY oolluviun; 
00 alluvial .flats 

soils Vegetatioo Percentage·• Area ·a1x;ve o:nfluence 

of area. · ~- M:>lcnglo 

Acid red IIB.SSive Wet sclercphyU 15 
earths; Springtank forest (E. rabert-
(Gn2. 14), cx:um::nly •· sm.i .and E. vim.in-
gravelly; ab.:mant al.is camuniti,esl . ... 
f~< gravel en grading into_ int&-. . 
surface merliate sclempliyll 

forest ( gum o:xrauni t:.y) 

SlallQI' unifonn 
medi.um-te,cb,Ired 
soils, Yarrat,. 

. (Uml.~41), with 
thin surface layer 
of raw organic 
material 
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.q;ien· savannah·~ 
land . ( frost pocket 
·o:mruruty or·~ 
land 

10 

4. 5 0.9 

9.5 3.5 



land System Iand Rn:ms Soils Vegetatia,. Percentage Area alx>ve CXllfluence 
of area ~- M:>lcnglo 

Tallaganda (T) Slqies facing Probably unifonn Wet· sclerophyll 40 4 6 

Mimma (Mi) 

Spring (Sp) 

lXltth & ~; me:liuln-te>cb. .. forest···{110\'.lntatrr~·---· .. ·····•·- --- --· .. ... ·-- -·-•··· •·· 

~Y tors ·en Sllls and rressive cxntn::tnity) : (. 

ugier parts; earths .. 
mdal slopes 
probably 18-27% 

Foot slopes.& 
valley bottans; 
stcny a:ill.uviun; 
sc.:ue rutcr:q>; 

practically no 
alluvial flats 

Granitenoontains 
with extmsive 
outc:t-ops & tors; 
IOOdal slcpes 
25--50% 

ICMer .. slopes & . 

valley .bott.cms, 
all.luv.i.UIJ!; · 110dal 
$lcpesprooably_ 
10""15%; llllIX)r 

gillying#~ 
alluvial flats up 
to 200 ft wide 

Pmbably pxdy Inte.nne:ii.a.te 
drained· unifol:.111 · · scle.rophyll ·"fOrest ·-· 
fine-textured · .. soils:. {g.un::.a:mumi.ty) . 

in larger-valley 
bct:t.c:Jn$ 

Mainly shal1c:u uni- Intennediate 
foi:m coarse-text- sclerqilyll forest 
ured soils,M:>lcnglo {gJm o:mruni.ty) 
(Ucl. 12); . minor. : with. dense shrubs 
sballOi\T .red-· and and POa. 

~ne.ssive 
. earths,. ·Colintcn 
(Gn2.14) & Iwbnga 

. (Gn2.24);30%. sunaoe, .. 
· cover of stales & 

b:Julders 

Yel.lcw massive Wide:,:valleys q;erl. 

earths, Feagans savannah·.~. 
(Gt2. 24) ani Scutt- ( f:rost px:ket -~ 
dale {Gn2.45) unity), rian.'Q1 vall

eys intetmedial:e 
scla'cp:lyll forest . 
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( 9Jl!l a:mtllnity. with 
E. dives); Poa and 
'l1la!8la. o::mrcn,with 
mixe1 sh:tubleb; 

10 

40 18 

20 

0.7 

4 



Iand~stan 

Woolcara (W) 

Ebss:i. (Ro) 

. Gibral:tar (Gi) 

wdF.tlnns· Soila ~ Ar~~:- a;nfluenaa 

Qfi ~- -~-·- ~lai¢o 

I;::Mer' sl:q:,es;: 
a>llu.vj;um;: 11Xr-
500 ft: l'cnjn. 
.shalJowt· swales; 
lllOdaJ. slcps 5-
10ls gnlJies 

Mainly ~ 
cxntrast. SP-ils,, 
~ (Oy3AJ) 
an:1Reida:ial.e 
(Ob,h.42) 

Sac~~ ~: 
lant.i <~-mell iccbta..,. 

'g. ~-
' ~~-).i~, 

Q.i~\P;,' ~ - ' 
~,.&c~;-

Yel:lcw ~v.e. 
eartbs,,am<blg 
(Q\2.73) 

~q?e ~pg ~ 
Valley bottom; 
naxrc;w & J:'0dcy 

alal.9' incised 
major sLL6ia1$; 

·· CX>lluvial fill 50-
200 ft w.i,de in 
mimr tdbltary 
valleys., rol 
ta:ially gJllied 

~~&.•~~ 
i.n.t,Q, ~ ~ 
~JO,iey w;j._tp, -~ 
~;-~:y 
~-

l.a,,ier slopes & ~ ~ ~ ~ -~ 

vallay oot:talt3 . soils, BP:t'C! (PY ~ (~ ~-
ai gr.mite; lien- 3. 82) & Fe. · .. ·. e, ~). W:i.tn 
ched lalg_~ (Dy3.12) & -~ 'ih~~~, ~-
files;200-1000 ~ . ~ $Oils,~ Si -~-. 
la1g7patdhes at. Bend:ura (Uf6.~) ~ ~iy ~-
a,lluvim; sane 
-~ .en rises; 
allxivium .very res-
tricted; ··~. · 
slopes 4 .... 15% 

. , . ...._ ...... 

r.ower slopes on · Mainly ~ive ~ ~ · ~o 
~; un.dtl.- earths, M:mga (Gn {$.~~It:-
~, 10<>--5()0 ft 2;.75}, and Tarag?> ~~~ ~ ... 
1a1CJ1 colluviun. (Gn2.94); .mi.Por ity> ~J):i,~. 
1¢ with sane · . ~ bt'cwn ~i ~ & ~ 
~-ai sp.1rs;. soil.$; Norc:ngo (C#l ~; ~Y 
!ICda1 alopesS-10% 3.5.?) & Holym;:,unt ~'lb~• 
~ alluvial 
fiats; .SD-400.ft 

wider charmels •·· 
usually·.10-20 ft' 
.dee$) with tr.il:u;.. 
' t.aiy (Jlllies ' 

(Gn3.85) ~ -~ ' 

Texture-ccnt.rast 
soil,·~· (Dd 
2.42) . 
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-~ ~ ~' s 
~(~~--~--

~fy w.l.tll:~ 
. ~,;.·.Q~un 

& ~; ~-acy ~~ 
e.rophy:);l fore.st (E. · 
~•E. ~era•-
.~~ & 

35 

9.3 7 

19, 9 

11 2 

o.s 



KLLIN3~ 

IandSystan 

axerts (R) 

soils Veget:.ati<D Percentage Area ab:Jve ocnfluenoe 
of area ~- t-t>lalglo 

Foot slq,es1ool.l-~ yellcw Savannah~, · · 30 
i;:artJ.y clear:ed-ui1illm; lJDdal · massive earths, 

sl~ 4-10%; ltblga (Gri2~.15) (frost pxket .oaim

unity' . sa:oetimes with mi1D' guJJies 

Alluvial flats; 
100..;.1000 ft wida; 
silt & clay over 
gravel; p:xx-ly . 
drained & liable 
to flocdmg . 

E •. bridgesiana); la!. . 
'lheneda, & pteridiun . 

Grey & brcwn',ness- q;,eri savannah~•:,. w 5 
ive earths, Tarag::> land.(frost px:ket 
(Gn2.85) & mifoxm amrunity; partly. · 
fine-teKtured soils ·cleared); -tussxx ·~ 
Bena:nr.riUfl.41 > · ·· 1.E!rlge, 'lheneda, - • 

-~-~::.,./ - -~ ..... ·~s- -:.--

12 2.4 

2 0.4 

Scoofield (SC) ~ $lopes; Mainly: t:eKt:.ur8: '.. ''.. : Savannah~"' 10 5.5 14. 5 
oolluviun &· alll.iv-~: roils~ : Colir.-partly. ~,,E. 
ial rans;_ 100-1000 _per)•<Dy3.41 >.·&..Fei- -~icxbl:a ... ~ b¢d-
ft lcog; ·shall.a,; -dsdale(Db1.42); gesi.ana cnmunity 
swalesf ~- ,, -: ... --1a:m~ma:ss- " ,with~. oan,.,; 

=~i?.:i,,U!S.:::~~~-::.=~~~ 
. ' ·, . '.I . . O;irft (GraAS) . ·•,., aldafy annuals 

=~:~u:·::··~~-~'=:· 
3.42) -'& l\iries (Dy ~" with ·' . 
3~43 )'/&. struct.ure:l ~i&~ 
red &~?;IJ:oim s,i:1$,'-·-·sfurt'~ . 
sp¢:ingfield (Gn;J.-.14 )Stipa~·ar-•grassland 
& Holyirnmt (Gn3-♦75) (sane':gtasses) --

- ··1 · 

Valley, floors; Massive earths, · . .... ~ •,~ ~ · .. · 5 
ool.luv:i.al fill 50- cuna· lc.n2. 74) ,Eun-' land :il1 siell_valleys -
100 ft wide in c:big--_ (Gn2.83), & · ' (E'> me) Ji,~~ , .... 
Sl8ll va,lleys~ all~IOile (Gri2.55) 7 bri~ o::nmmity, 
uvial flats 100- . unif®1.nredi.un- · --· - -~ ·-with E.mann-
1500 ft wide in t.ex:blred· soils in ifexa:; grasses· Paa & 
large. valleys; alluvial. flats, Ri.V""'lbEmada),; in•_J..arge ·_. 
maf:nly. clay& ~t --~ (UmS.5,4.2), valleys .frostpx-ket 
9]1~ vexy- £;rar generally Cil 1ayo, , :: ~t;y.. or. ~ · 
uetltl :flooded in ereci:~s {saae:grasses}; #lt: 
·-1~--parts . - .. cleared 

1 8 1 

2.8 7. 3 



Ampriar . (A) 

soils Vegetati.al Percentage Area aoove c:x:nfluence 
of area . Qleim.. . M:>lalglo 

-· .. ,, ',:,•--.. ~.,.,,.,.. ' ·-~-....... .,.. . 
-Older 1aaJsttine ·Deep·~- --~-gz:assland . 10·· 

& rivetme~ tr88t soils, ~ or cultivat.ial; fer- · 
naillly. s;Ut. .& q.lay -~Y- alkal.ine nerly grassl.mi, . pto-. 

· shallcM ~ & in subeoils which . bably of ~- &. Pea·· 
lcw 1.evees, . ~ . . gene;rally ca,.tain or cpen savannah ~ 
asialally -f100Q;!d ~, Kill~- land c'frost ~ 
in lower parts . ~ (Dd2.23,Dy a:imtJnity . . '. '·· 

3.$,f) '_. . . 

Olannelst bed 
load usually .sand 

. ' ~ . . 
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1.5 
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