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Abstract
The botanical composition of native perennial pastures in the high rainfall zone of
south-eastern Australia has undergone substantial transition since European settlement.
Consequently, the water balance has also changed leading to greater recharge and the
emergence of dryland salinity. In non-arable parts of the high rainfall zone, the use of
management practices to increase native perennial grass abundance in native pastures is
one of few economically feasible options for improving the water balance. However, a
relationship between native pasture composition and water use has not been
demonstrated.
The purpose of this thesis was to determine how the composition of native pastures
affects the soil water dynamics – particularly with respect to the type and abundance of
grasses present. Other aims were to identify the role of particular plant attributes for
increasing soil water extraction and explore the impact of botanical composition at the
catchment scale through the development of the Native Pasture Model. To achieve this,
field sites were established on three different native perennial pastures on farms near
Bookham, New South Wales to monitor the soil moisture patterns of the communities
through time. A second field experiment was established at Wagga Wagga examining
the water use of two common native perennial grasses (Bothriochloa macra and
Austrodanthonia spp.) planted at varying densities. Plant attributes such as green leaf
area index (GLAI), biomass, basal area and phenology were also measured through time
at both field experiments. Root characteristics were also examined at each field site and
a range of root measurement techniques compared.
This study found that botanical composition has a major impact on the size of soil water
deficits created by the end of the summer-autumn period. Native perennial pastures
were found to create soil water deficits up to 85 mm greater than annual ryegrass
pastures. When comparing native perennial grasses, soil water deficits beneath
Bothriochloa macra was up to 40 mm greater than Austrodanthonia spp. At a broader
scale, such differences are likely to reduce the amount of salt exported from catchments
by thousands of tonnes annually. Such an impact is likely to influence management
decisions.
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Soil water extraction was found associated with the establishment of deep roots and the
maintenance of green leaf further into summer. Under monoculture conditions, it was
found that abundance influences soil water use up to a maximum level, above which the
rate of soil water extraction may increase but the amount extracted does not. At Wagga
Wagga, this maximum was expected to be approximately 25 plants m-2 for
Austrodanthonia spp. Abundance in Bothriochloa macra was not as easily defined due
to the plants ability to increase basal area under low competition environments.
This study defined some technical areas of weakness which warrant further research in
the future. There is a need to develop a more rapid method for assessing green leaf area
index and modifications to the Native Pasture Model need to occur. More broadly, this
study has assisted in defining the potential benefit of managing native pasture botanical
composition with respect to hydrology. However, other impacts such as production and
farm economics must also be considered, and mechanisms for increasing the abundance
of key species better defined, for any of the findings of this study to be useful to
management.

vii

Table of Contents
Chapter 1. Introduction & Review of Literature - Factors influencing the soil
water dynamics beneath native perennial pasture in the High Rainfall Zone of
south-eastern Australia................................................................................................. 1
1.1
Introduction ....................................................................................................... 1
1.2
The water balance and deep drainage ............................................................... 2
1.3
Characterising native perennial pastures ........................................................... 4
1.3.1
Botanical change in the HRZ .................................................................... 4
1.3.2
The extent of native pastures in the HRZ.................................................. 6
1.4
Management options for reducing recharge in the HRZ of south-eastern
Australia and the role of native pastures ....................................................................... 7
1.4.1
Opportunities for enhancing the perenniality of native pastures
(Option_3) ………………….. .................................................................................. 9
1.5
The water use of native perennial pastures ..................................................... 10
1.5.1
Water use of native pastures ................................................................... 10
1.5.2
Water use of individual species .............................................................. 12
1.6
Grass attributes affecting water use in native perennial pastures ................... 14
1.6.1
Annual/perennial growth habit................................................................ 14
1.6.2
Green leaf area index (GLAI) ................................................................. 14
1.6.3
Summer activity ...................................................................................... 17
1.6.4
Root depth and distribution ..................................................................... 19
1.7
The impact of perennial grass abundance on water use in native perennial
pastures........................................................................................................................ 21
1.8
Management factors affecting water use in native perennial pastures ............ 25
1.8.1
Direct effects ........................................................................................... 25
1.8.2
Indirect effects......................................................................................... 26
1.9
Predicting the scale of change necessary to make management worthwhile .. 28
1.10 Conclusion ...................................................................................................... 31
Chapter 2. Methods..................................................................................................... 33
2.1
The Field experiments ..................................................................................... 33
2.1.1
The Farm experiment (Chapter 4) ........................................................... 33
2.1.2
Design of Farm field sites ....................................................................... 34
2.1.3
The Density experiment (Chapters 5 and 6) ........................................... 35
2.1.4
Design of the Density experiment ........................................................... 36
2.2
Soil profile descriptions .................................................................................. 37
2.3
Installation of access tubes, calibration and measurement of soil moisture
using the neutron moisture meter ................................................................................ 37
2.3.1
Installation and measurement .................................................................. 41
2.3.1.1 Density experiment (Chapters 5 and 6)............................................... 41
2.3.1.2 Farm experiment (Chapter 4) .............................................................. 42
2.3.2
Neutron moisture meter calibration ........................................................ 42
2.3.2.1 Density experiment ............................................................................. 42
2.3.2.2 Farm experiment ................................................................................. 44
2.4
Soil physical characteristics ............................................................................ 46
2.4.1
Bulk density ............................................................................................ 46
2.4.2
Field capacity and permanent wilting point ............................................ 48
2.5
Pasture measurements ..................................................................................... 51
2.5.1
Basal Cover ............................................................................................. 51
2.5.2
Phenology................................................................................................ 51
viii

2.5.3
Biomass and Green Leaf Area Index (GLAI) ......................................... 51
2.6
Root measurements ......................................................................................... 52
2.6.1
The core-break method ........................................................................... 52
2.6.2
The beta root distribution curve .............................................................. 53
2.7
Statistical analysis ........................................................................................... 53
Chapter 3. Remote measurement of Green Leaf Area Index (GLAI) at the plot
scale .............................................................................................................................. 56
3.1
Introduction ..................................................................................................... 56
3.1.1
Measurement of GLAI ............................................................................ 57
3.1.2
Measurement of LAI ............................................................................... 58
3.1.3
Measurement of the proportion of green leaf in pastures ....................... 59
3.2
Methods ........................................................................................................... 61
3.2.1
LAI experiment ....................................................................................... 61
3.2.1.1 Measurement of LAI with the LI-COR™ LAI-2000 plant canopy
analyser ……………………………………………………………………….61
3.2.1.2 Density experiment field site .............................................................. 61
3.2.1.3 Farm experiment field site .................................................................. 62
3.2.2
Percentage green experiment .................................................................. 63
3.3
Results ............................................................................................................. 67
3.3.1
LAI experiment ....................................................................................... 67
3.3.1.1 Density experiment field site .............................................................. 67
3.3.1.2 Farm experiment field site .................................................................. 68
3.3.2
Percentage green experiment .................................................................. 69
3.4
Discussion ....................................................................................................... 71
3.4.1
LAI experiment ....................................................................................... 71
3.4.2
Percentage green experiment .................................................................. 73
3.5
Conclusion ...................................................................................................... 74

Chapter 4. The effect of botanical composition on the soil water dynamics beneath
native pastures in the high rainfall zone of south-eastern Australia ...................... 76
4.1
Introduction ..................................................................................................... 76
4.2
Methods ........................................................................................................... 76
4.2.1
Experimental design ................................................................................ 76
4.2.2
Management ............................................................................................ 77
4.2.3
Aboveground pasture measurements ...................................................... 79
4.2.4
Soil moisture ........................................................................................... 80
4.2.5
Measurement of root distribution ............................................................ 81
4.2.6
Statistical analysis ................................................................................... 81
4.3
Results ............................................................................................................. 82
4.3.1
Rainfall .................................................................................................... 82
4.3.2
Botanical composition............................................................................. 82
4.3.3
Soil water ................................................................................................ 85
4.3.3.1 Soil water in the upper profile (0 – 67.5 cm) .......................................... 85
4.3.3.2 Individual soil layers ............................................................................... 87
4.3.4
Green leaf area index (GLAI) ................................................................. 90
4.3.5
Phenology................................................................................................ 92
4.3.6
Root distribution ..................................................................................... 95
4.4
Discussion ....................................................................................................... 98

ix

4.4.1
How does pasture composition impact on soil moisture in the high
rainfall zone of south-eastern Australia?................................................................. 98
4.4.2
How was rainfall partitioned at these sites? .......................................... 100
4.4.3
What plant characteristics are linked to the creation of larger maximum
soil water deficits? ................................................................................................ 101
4.4.3.1 Root distribution ................................................................................... 101
4.4.3.2 Summer activity .................................................................................... 102
4.4.3.3 Adaptation ............................................................................................. 103
4.4.4
What is the influence of management on soil water dynamics? ........... 104
4.5
Conclusion .................................................................................................... 106
Chapter 5. The soil water relations and canopy characteristics of Bothriochloa
macra and Austrodanthonia spp. planted at varying densities .............................. 107
5.1
Introduction ................................................................................................... 107
5.2
Methods ......................................................................................................... 108
5.2.1
Experimental design .............................................................................. 108
5.2.2
Maintenance .......................................................................................... 109
5.2.3
Climatic data ......................................................................................... 109
5.2.4
Irrigation................................................................................................ 110
5.2.5
Soil water .............................................................................................. 110
5.2.6
Aboveground measurements ................................................................. 110
5.2.7
Statistical analysis ................................................................................. 111
5.2.7.1 Linear mixed modelling to test experimental outcomes ................... 111
5.2.7.2 Regression analysis of factors influencing soil water content .......... 112
5.3
Results ........................................................................................................... 114
5.3.1
Rainfall .................................................................................................. 114
5.3.2
Soil moisture ......................................................................................... 114
5.3.2.1 Soil moisture to a depth of 180 cm ................................................... 116
5.3.2.2 The upper annual root zone (0 to 67.5 cm) ....................................... 119
5.3.2.3 The maximum annual root zone (67.5 to 110 cm) ............................ 122
5.3.2.4 Below the annual root zone (110 to 180cm) ..................................... 124
5.3.3
Basal area .............................................................................................. 126
5.3.4
Green leaf area index (GLAI) across time ............................................ 128
5.3.5
Total biomass ........................................................................................ 131
5.3.6
Phenological stage................................................................................. 132
5.3.7
Regression analysis of factors influencing soil water content .............. 133
5.4
Discussion ..................................................................................................... 135
5.4.1
Comparison with other perennial grasses for water use........................ 135
5.4.2
The recognition of key plant attributes associated with increased water
use capacity. .......................................................................................................... 136
5.4.2.1 Sward characteristics and their impact on soil water deficits ........... 137
5.4.2.2 Attributes measured in this study ...................................................... 137
5.4.2.3 Attributes possible in management ................................................... 139
5.4.3
The relationship between abundance and soil water use ...................... 139
5.4.3.1 Impact of plant size on water use ...................................................... 140
5.4.3.2 Impact of spatial heterogeneity on density effects ............................ 141
5.5
Conclusion .................................................................................................... 141
Chapter 6 The characterisation of rooting patterns beneath Bothriochloa macra
and Austrodanthonia spp. planted at varying densities .................................. …...143
6.1
Introduction ................................................................................................... 143
6.1.1
The core break method .......................................................................... 144
x

6.1.2
‘Effective’ root depth inferred from soil water depletion ..................... 144
6.1.3
The minirhizotron technique ................................................................. 145
6.2
Methods ......................................................................................................... 145
6.2.1
Core-break measurements ..................................................................... 145
6.2.2
‘Effective’ root depth inferred from soil water data ............................. 146
6.2.3
Minirhizotron measurements ................................................................ 147
6.2.4
Comparison of techniques ..................................................................... 150
6.3
Results ........................................................................................................... 150
6.3.1
Core-break measurements ..................................................................... 150
6.3.1.1 Total root occurrence ............................................................................ 150
6.3.1.2 Root occurrence to 60 cm soil depth ..................................................... 151
6.3.1.3 Root occurrence from 60 to 110 cm soil depth. .................................... 152
6.3.1.4 Maximum rooting depth........................................................................ 152
6.3.1.5 Root distribution ................................................................................... 154
6.3.2
Maximum ‘effective’ root depth inferred from soil water data ............ 157
6.3.3
Minirhizotron measurements ................................................................ 159
6.3.3.1 Total root occurrence ............................................................................ 159
6.3.3.2 Root occurrence to 60 cm soil depth ..................................................... 160
6.3.3.3 Root occurrence from 60 cm to 110 cm soil depth ............................... 161
6.3.3.4 Root occurrence from 110 cm to 150 cm soil depth ............................. 162
6.3.3.5 Maximum root depth ............................................................................. 163
6.3.3.6 Root distributions .................................................................................. 165
6.3.4
Comparison of techniques ..................................................................... 169
6.3.4.1 October 2005 measurements prior to core-break study ........................ 169
6.3.4.2 Maximum root depth ............................................................................. 169
6.3.4.3 Beta functions........................................................................................ 171
6.4
Discussion ..................................................................................................... 171
6.4.1
Comparison of techniques ..................................................................... 171
6.4.1.1 Relationships between techniques ........................................................ 171
6.4.1.2 Similarities ............................................................................................ 172
6.4.1.3 Differences ............................................................................................ 173
6.4.1.4 Limitations of techniques ...................................................................... 175
6.4.2
Species impact on rooting characteristics ............................................. 177
6.4.2.1 Maximum rooting depth........................................................................ 177
6.4.2.2 Total root occurrence ............................................................................ 177
6.4.2.3 Root distribution ................................................................................... 178
6.4.3
Density impact on rooting characteristics ............................................. 178
6.4.4
Implications for water use ..................................................................... 179
6.4.5
The impact of roots for describing changes in soil water content......... 180
6.5
Conclusion .................................................................................................... 181
Chapter 7. The development and validation of the Native Pasture Model NPM and
its integration into the catchment-scale hydrological model CAT ....................... 182
7.1
Introduction ................................................................................................... 182
7.1.1
One-dimensional pasture models currently modelling native pastures. 183
7.1.2
The Native Pasture Model (NPM) ........................................................ 187
7.1.3
The Catchment Analysis Tool (CAT) framework ................................ 187
7.2
Methods ......................................................................................................... 188
7.2.1
Model construction................................................................................ 188
7.2.1.1 Pasture growth................................................................................... 189
7.2.1.2 Basal area .......................................................................................... 191
7.2.1.3 Growth limiting index for soil moisture availability......................... 193
xi

7.2.1.4 Water uptake and root distribution.................................................... 194
7.2.1.5 Other features .................................................................................... 198
7.2.2
Parameterisation of the Native Pasture Model ...................................... 198
7.2.3
Evaluation of the Native Pasture Model (NPM) ................................... 200
7.2.3.1 The process of evaluation ................................................................. 200
7.2.3.2 Measures of model accuracy ............................................................. 201
7.2.4
Application to the Bet Bet catchment ................................................... 203
7.2.4.1 Context .............................................................................................. 203
7.2.4.2 Application within the CAT framework ........................................... 206
7.2.4.3 Comparison of catchment output ...................................................... 208
7.3
Results ........................................................................................................... 210
7.3.1
Evaluation of the Native Pasture Model ............................................... 210
7.3.1.1 Green leaf Area Index (GLAI) .......................................................... 210
7.3.1.2 Soil water deficit (SWD)................................................................... 215
7.3.2
Application at the catchment scale........................................................ 219
7.3.2.1 Upper soil water predictions ............................................................. 219
7.3.2.2 Groundwater predictions ................................................................... 221
7.4
Discussion ..................................................................................................... 223
7.4.1
Validation of the Native Pasture Model (NPM) ................................... 223
7.4.1.1 Comparison with other models ......................................................... 224
7.4.1.2 The suitability of statistical methods for the assessment of model
quality ……………………………………………………………………...225
7.4.1.3 Areas for further development .......................................................... 226
7.4.2
Application to the Bet Bet catchment ................................................... 226
7.4.2.1 Implications of accuracy at the catchment scale ............................... 226
7.4.2.2 Water balance comparisons .............................................................. 227
7.4.2.3 Implications of model output ............................................................ 228
7.5
Conclusion .................................................................................................... 230
Chapter 8. General discussion ................................................................................. 232
8.1.
The influence of individual species and species type on water use .............. 232
8.2.
Plant attributes associated with increased water use by native perennial
grasses. ...................................................................................................................... 233
8.3.
The influence of species abundance on water use ........................................ 236
8.4.
The impact of pasture composition at the broader scale ............................... 238
8.5.
Further research............................................................................................. 239
8.6.
Concluding remarks ...................................................................................... 240
Reference List ............................................................................................................ 241
Appendix I ................................................................................................................. 262
Appendix II ................................................................................................................ 263
Appendix III The Native Pasture Model technical manual .................................. 266

xii

Table of Tables
Table 2-1 Physical soil description of field sites (Chapters 4 to 6). ............................... 39
Table 2-2 Chemical soil description of field sites (Chapters 4 to 6) with interpretations
based on Reid and Dirou (2004). ........................................................................... 40
Table 4-1 The maximum depth measured for each neutron moisture meter tube situated
in the centre of each plot in the C3 pasture, the C3/C4 pasture and the C4 pasture
located at Bookham, NSW. Values recorded in grey indicate annual plots. ......... 81
Table 5-1 Summary of the random and fixed effects terms of the model fitted for
available water for the soil profile to 180 cm depth in the Density experiment (an
explanation of ‘Ftype’ can be found on page 112). ............................................. 115
Table 5-2 A comparison of available soil moisture means for the total soil profile at the
beginning of the Density experiment (14th October, 2003). ................................ 116
Table 5-3 A comparison of available soil moisture means for the total soil profile at the
end of the first drying event in the Density experiment (6th April, 2004). .......... 118
Table 5-4 A comparison of available soil moisture means for the total soil profile at the
end of the second drying event in the Density experiment (27th April, 2005). ... 118
Table 5-5 A comparison of available soil moisture means for the upper annual root
zone (0 to 67.5 cm) at the beginning of the Density experiment (14th October,
2003). ................................................................................................................... 120
Table 5-6 A comparison of available soil moisture means for the upper annual root
zone (0 to 67.5 cm) at the end of the first drying event in the Density experiment
(6th April, 2004). .................................................................................................. 121
Table 5-7 A comparison of available soil moisture means for the upper annual root
zone (0 to 67.5 cm) at the end of the second drying event in the Density
experiment (27th April, 2005). ............................................................................. 121
Table 5-8 A comparison of available soil moisture means for the maximum annual root
zone (67.5 to 110 cm) at the beginning of the Density experiment (14th October,
2003). ................................................................................................................... 122
Table 5-9 A comparison of available soil moisture means for the maximum annual root
zone (67.5 to 110 cm) at the end of the first drying event in the Density
experiment (6th April, 2004). ............................................................................... 124
Table 5-10 A comparison of available soil moisture means for the maximum annual
root zone (67.5 to 110 cm) at the end of the second drying event in the Density
experiment (27th April, 2005). ............................................................................. 124
Table 5-11 A comparison of available soil moisture means below the annual root zone
(0 – 110 cm) at the end of the first drying event in the Density experiment (6th
April, 2004). ........................................................................................................ 126
Table 5-12 A comparison of available soil moisture means for below the annual root
zone (0 – 110 cm) at the end of the second drying event in the Density experiment
(27th April, 2005). ................................................................................................ 126
Table 5-13 REML predicted basal areas for both the plot and of individual plants in the
Density experiment as measured on the 22nd of December 2004. Subscripts
indicate where treatment differences in basal area did not significantly differ. .. 128
xiii

Table 5-14 A comparison of predicted green leaf area index means on the 24th
December 2003 (drying event 1) in the Density experiment. The annual control
was not measured throughout the first season. .................................................... 130
Table 5-15 A comparison of predicted green leaf area index means on the 19th October
2004 (drying event 2) in the Density experiment ................................................ 130
Table 5-16 A comparison of predicted green leaf area index means on the 21st
December 2004 (drying event 2) in the Density experiment............................... 131
Table 5-17 A summary of the best linear regression models for both the variables
studied and the variables potentially used in management when describing the
depletion of soil water content in the total profile (0 to 180 cm), 0 to 67.5 cm,
67.5 to 110 cm and 110 to 180 cm soil layers. All coefficient units are presented
in mm month-1 except for the coefficients for Biomass (mm.Ha kg DM-1). ...... 134
Table 6-1 Maximum root depth recorded for each treatment in the core-break study,
Density Experiment. ............................................................................................ 153
Table 6-2 Two sample t-test p values for each treatment in comparison to mulch
treatment for changes in soil water content. Test of null hypothesis that mean
change in soil water content of mulch at depth d is equal to the mean change in
soil water content of treatment at depth d. Shaded cells indicate soil depths at
which significant differences were apparent (P < 0.05). ..................................... 157
Table 6-3 Average total number of roots predicted for Austrodanthonia spp. (D) and
Bothriochloa macra (B) planted at 4, 9, 16 and 25 plants m-2 when measured
using the minirhizotron technique on the 1st of May 2005 at Wagga Wagga,
NSW. ................................................................................................................... 160
Table 6-4 Average total number of roots predicted to a depth of 60 cm for
Austrodanthonia spp. (D) and Bothriochloa macra (B) planted at 4, 9, 16 and 25
plants m-2 when measured using the minirhizotron technique on the 1st of January
2005 at Wagga Wagga, NSW. ............................................................................. 161
Table 6-5 Average total number of roots predicted between 60 and 110 cm for
Austrodanthonia spp. (D) and Bothriochloa macra (B) planted at 4, 9, 16 and 25
plants m-2 when measured using the minirhizotron technique on the 1st of January
2005 at Wagga Wagga, NSW. ............................................................................. 162
Table 6-6 Average total number of roots predicted between 110 and 150 cm for
Austrodanthonia spp. (D) and Bothriochloa macra (B) planted at 4, 9, 16 and 25
plants m-2 when measured using the minirhizotron technique on the 1st of January
2005 at Wagga Wagga, NSW. ............................................................................. 163
Table 6-7 Average maximum rooting depth for Austrodanthonia spp. (D) and
Bothriochloa macra (B) planted at 4, 9, 16 and 25 plants m-2 when measured
using the minirhizotron technique on the 1st of October 2004 at Wagga Wagga,
NSW... ................................................................................................................. 165
Table 6-8 Maximum root depth recorded for each treatment in the minirhizotron study,
Density Experiment. ............................................................................................ 165
Table 6-9 Average β value for Austrodanthonia spp. (D) and Bothriochloa macra (B)
planted at 4, 9, 16 and 25 plants m-2 when fitted to the asymptotic beta function of
Y = 1-βd derived from minirhizotron root counts for the 1st of October 2004 at
Wagga Wagga, NSW.. ......................................................................................... 168
Table 6-10 Maximum root depth of treatments in the Density experiment as estimated
by the core-break, minirhizotron and soil water depletion methods. .................. 169
xiv

Table 6-11 Comparison of β values as derived from the function Y = 1-βd for the
minirhizotron and core-break measurements collected in October and November
2005. .................................................................................................................... 171
Table 7-1 A comparison of model features and capabilities for the pasture models
GRASP, SGS pasture model, GRASSGRO and the Native Pasture Model as
published or commercially available in October 2007. ....................................... 186
Table 7-2 A summary of root distribution options found in the Native Pasture Model
……………………………………………………...…………………………..197
Table 7-3 Top ten parameters for which the model is most sensitive (change in model per
unit change in parameter) as derived by the PEST software for treatments 25
Bothriochloa macra and 25 Austrodanthonia spp. ..................................... …….199
Table 7-4 Measures used for evaluating the accuracy of modelled versus measured data.
Measures are summarised from Wallach et al. (2006), Sokal and Rolfe (1981) and
the MDBC (2000). ............................................................................................... 202
Table 7-5 Statistics table of actual compared to modelled green leaf area index (GLAI)
for all data, Bothriochloa macra (B) treatments, Austrodanthonia spp. (D)
treatments and at individual planting densities of 4, 9, 16 and 25 plants m-2. n =
number of units, b =least squares regression intercept, a = least squares slope, r =
correlation coefficient, r2 = least squares regression, r2 (1:1) = regression coefficient
when fitted to a 1:1 model (i.e. a = 1, b = 0), RMSE = root mean squared error,
RRMSE = relative root mean square error (%). .................................................. 211
Table 7-6 Statistics table of actual compared to modelled soil water deficits (SWD) for all
data, Bothriochloa macra (B) treatments, Austrodanthonia spp. (D) treatments and
at individual planting densities of 4, 9, 16 and 25 plants m-2. n = number of units, b
= least squares regression intercept, a = least squares slope, r = correlation
coefficient, r2 = least squares regression, r2 (1:1) = regression coefficient when fitted
to a 1:1 model (i.e. a = 1, b = 0), RMSE = root mean squared error, RRMSE =
relative root mean square error (%). .................................................................... 215
Table 7-7 Mean quick flow (run-off plus lateral flow) and recharge estimates for the Bet
Bet catchment for scenarios using the Native Pasture Model, the generic pasture
model and the generic tree model within CAT. ................................................... 219
Table 7-8 Estimates of water balance components (mm), saturated areas (ha) and stream
salinity levels (EC) for scenarios 1 to 6 and the relative changes in recharge (%),
groundwater base flows (ML) and salt outputs (t) for each scenario compared to the
generic pasture model. ......................................................................................... 222

xv

Table of Figures
Figure 1-1 The relationship between annual rainfall and the amount of leakage for
three types of vegetation as summarised from many studies across Australia by
Walker et al. (1999)……………………………………………………………3
Figure 1-2 The relationship between LAI and the ratio of actual evapotranspiration (Ea)
for barley, sugar beets and grass cut over short or long intervals to potential
evapotranspiration (Ep) (Penman) (Kristensen 1974)………………………….15
Figure 1-3 Root maps for a stand of exotic annuals (B. distachyon and T. hirtum) and a
stand of the native perennial bunchgrass, Nassella pulchra, at California. Points
represent the cut surfaces of individual roots (Holmes and Rice 1996)………..20
Figure 1-4 Relationship between the change in soil moisture content between 24/110/3/98 and lucerne density (Virgona 2003). Lines represent regressions. The
arrow point to one plot omitted from the regression analysis, as it was much
drier than all other plots at the commencement of the drying cycle……………22
Figure 1-5 Notional components of model prediction error. (A) a structurally “sound”
model where prediction error is minimised with the optimum combination of
parameters and complexity. (B) A structurally “unsound” model with a higher
prediction error level that does not reduce as complexity is increased (Silberstein
2006)……………………………………………………………………………30
Figure 2-1 The Murrumbidgee Catchment. The ‘Density’ field site was located at the
Charles Sturt University farm at Wagga Wagga (35° 03' 00.14" S, 147° 20'
46.23" E) and the ‘Farm’ field experiment near Bookham 35 km west of Yass
(34° 52' 34" S, 147° 22' 39" E)…………………………………………………33
Figure 2-2 The design of native pasture field sites (Chapter 4), Bookham, New South
Wales. The major perennial species present at the field sites are
Austrodanthonia spp. and Microlaena stipoides (C3 pasture); Austrodanthonia
spp., Microlaena stipoides and Bothriochloa macra (C3/C4 pasture) and
Themeda triandra (C4 pasture). The numbers located in the bottom-left courner
of each plot represent its designated plot number……………………………...35
Figure 2-3 The design of the Density experiment (Chapters 5 and 6), Wagga Wagga,
NSW. Numbers in each box indicate the planted density of each species (plants
m-2)………………………………………………………………………..…….38
Figure 2-4 Neutron moisture meter calibration curves for the different soil layers in the
Density experiment. Equations are as follows: 15 cm y = 1.4015x + 0.0884 (r2
= 0.987); 30 cm y = 1.1835x + 0.1559 (r2 = 0.906); 45 cm y = 0.9701x + 0.2085
(r2 = 0.882); 60 cm y = 1.0508x + 0.2282 (r2 = 0.895); 75 to 90 cm y = 0.7390x
+ 0.3299 (r2 = 0.814) ; 120 to 180 cm y = 1.0487x + 0.2734 (r2 = 0.642) where y
= count ratio of the neutron moisture meter and x = volumetric water content of
the soil…………………………………………………………………………..44

xvi

Figure 2-5 Neutron moisture meter calibration curves for the different soil layers at the
C3 pasture in the Farm experiment. Equations are as follows: 15 cm y =
1.5039x + 0.1308 (r2 =0.965); 30 cm y = 1.1985x + 0.2187 (r2 = 0.907); 45 to 60
cm y = 1.0201x + 0.3009 (r2 = 0.842); 75 to 150 cm y = 0.8078x + 0.3688 (r2 =
0.693) where y = count ratio of the neutron moisture meter and x = volumetric
water content of the soil………………………………………………………...45
Figure 2-6 Neutron moisture meter calibration curves for the different soil layers at the
mixed C3/C4 pasture in the Farm experiment. Equations are as follows: 15 cm y
= 2.0381x – 0.0385 (r2 = 0.887); 30 cm y = 1.7193x + 0.0664 (r2 = 0.9337); 45
cm y = 1.1612x + 0.1985 (r2 = 0.808); 60 to 75 cm y = 1.0312x + 0.2702 (r2 =
0.709) where y = count ratio of the neutron moisture meter and x = volumetric
water content of the soil………………………………………………………...45
Figure 2-7 Neutron moisture meter calibration curves for the different soil layers at the
C4 pasture in the Farm experiment. Equations are as follows: 15 cm y =
1.5237x + 0.0640 (r2 = 0.985); 30 cm y = 1.6259x + 0.1119 (r2 = 0.976); 45 cm y
= 1.3190x + 0.2005 (r2 = 0.919); 60 to 120 cm y = 1.0351x + 0.2743 (r2 = 0.773)
where y = count ratio of the neutron moisture meter and x = volumetric water
content of the soil………………………………………………………………46
Figure 2-8 The bulk density down the profile of the Red Kandosol at the Density
experiment. Error bars indicate measurement variation……………………….47
Figure 2-9 Soil bulk density of the C3 pasture at the Farm experiment. Error bars
indicate measurement variation………………………………………………...47
Figure 2-10 Soil bulk density of the C3/C4 pasture at Farm experiment. Error bars
indicate measurement variation………………………………………………...48
Figure 2-11 Soil bulk density of the C4 pasture at Farm experiment. Error bars indicate
measurement variation……………………………………………………….…48
Figure 2-12 Laboratory estimates of field capacity (-10 kPa, ●) and permanent wilting
point (-1500 kPa, ○) at the Density experiment………………………………..49
Figure 2-13 Laboratory estimates of field capacity (-10 kPa, ●) and permanent wilting
point (-1500 kPa, ○) for the C3 field site in the Farm experiment……………...49
Figure 2-14 Laboratory estimates of field capacity (-10 kPa, ●) and permanent wilting
point (-1500 kPa, ○) for the C3/C4 field site in the Farm experiment…………..50
Figure 2-15 Laboratory estimates of field capacity (-10 kPa, ●) and permanent wilting
point (-1500 kPa, ○) for the C4 field site in the Farm experiment……………...50
Figure 3-1 The light box in use in the field. The box was 0.5 m x 0.5 m in the base and
0.8 m in height. A fully adjustable digital camera (Cannon Powershot II) was
screwed to a supporting mount at the top with the lens passing through a
shielded opening in the centre. Regulated power was supplied to the box for
lighting through the cigarette lighter of a nearby vehicle………………………64

xvii

Figure 3-2 A digital image loaded into the purpose-built software program for the
measurement of percentage green cover. The image shows the entire base of the
light box. The initial phase for using this program is to identify regions of
interest from the digital image. By using a mouse, the dimensions of the pasture
area can be identified along with the colour standards situated to the right and
left of the pasture……………………………………………………………….65
Figure 3-3 The colour selection phase of the software program purpose built for
measurement of percentage green cover. The operator can choose any cut-off
value using the greenness threshold or the HSI option with or without
recalibration with the standards……………………………………………….65
Figure 3-4 The colour selection phase of the software program purpose built for
measurement of percentage green cover. Pixels found within the user-defined
colour thresholds are displayed in blue. The transparency of this overlay is fully
adjustable as is the colour and brightness of the image. The percentage of pixels
within the colour thresholds is displayed above the image next to the file name
………………………………………………………………………………….66
Figure 3-5 The relationship between the destructively collected, laboratory measured
leaf area index (LAI) and LAI measured remotely using the Licor™ LAI-2000
plant canopy analyser for Austrodanthonia spp. (▲) and Bothriochloa macra
(●). Solid lines indicate the position of individual regression lines for each
species. The dashed line indicates the position of the 1:1 relationship between
measurement techniques…………………………………………………….….68
Figure 3-6 The relationship between the destructively collected, laboratory measured
leaf area index (LAI) and LAI measured remotely using the Licor™ LAI-2000
plant canopy analyser for a Themeda triandra pasture for Day 1 (▲) and Day 2
(●). Solid lines indicate the position of individual regression lines for each
species. The dashed line indicates the position of the 1:1 relationship between
measurement techniques………………………………………………………..69
Figure 3-7 A comparison of all digitally derived % green cover and % green biomass
measurements using standardised (closed symbols) and non-standardised (open
symbols) R.G.B. (○) and H.S.V. (Δ) colour techniques………………………..70
Figure 3-8 Percentage green cover as estimated from digitally derived photography and
computed using the H.S.V. colour threshold technique for a C3 (○), C3/C4 (▲)
and C4 (■) native pasture located near Bookham, NSW………………………..71
Figure 4-1 Stocking occurrences and rates for the C3 pasture. Dashed line indicates the
average stocking rate for the experimental period. Grey bars represent the
stocking rate and length of time the paddock was grazed on each occasion.
Diagonal shading represents when plots were shut-off from grazing to allow
Italian ryegrass establishment or recovery from mowing……………………...78
Figure 4-2 Stocking occurrence and rates for the C3/C4 pasture. Dashed line indicates
the average stocking rate for the experimental period. Grey bars represent the
stocking rate and length of time the paddock was grazed on each occasion.
Diagonal shading represents when plots were shut-off from grazing to allow
Italian ryegrass establishment or recovery from mowing……………………...78
xviii

Figure 4-3 Stocking occurrence and rates for the C4 pasture. Dashed line indicates the
average stocking rate for the experimental period. Grey bars represent the
stocking rate and length of time the paddock was grazed on each occasion.
Diagonal shading represents when plots were shut-off from grazing to allow
Italian ryegrass establishment or recovery from mowing……………………...79
Figure 4-4 Monthly recorded rainfall at experimental field sites near Bookham, NSW
(34o52’34’’S, 147o22’39’’E). Solid line indicates long-term median monthly
rainfall measurements from the Bureau of Meteorology weather station located
at Burrinjuck approximately 20 km south of the field sites (QDNRM 2000)….82
Figure 4-5 The composition of the C3 native pasture across the experimental period
expressed in terms of pasture biomass…………………………………………83
Figure 4-6 The composition of the C3/C4 native pasture across the experimental period
expressed in terms of pasture biomass…………………………………………83
Figure 4-7 The composition of the C4 native pasture across the experimental period
expressed in terms of pasture biomass…………………………………………84
Figure 4-8 The basal cover of perennial grasses within each native pasture plot at the
C3, C3/C4 and C4 field site measured in December 2003. Dark grey bars indicate
the basal cover of C4 perennials T. triandra (C4 pasture) and B. macra (C3/C4
pasture). Black bars indicate the basal cover of M. stipoides and light grey bars
Austrodanthonia spp……………………………………………………………85
Figure 4-9 Volumetric soil water content to 67.5 cm across the experimental period for
the (a) C3 pasture, (b) C3/C4 pasture and (c) C4 pasture. The dashed line
represents soil water beneath the Italian ryegrass whereas the solid line is
represented by the native perennial pasture. The grey line indicates the upper
limit to plant available water (PAW) as determined from laboratory measured
field capacity (FC, -10 kPa, Chapter 2)………………………………………...86
Figure 4-10 Volumetric soil water content for each soil layer in the C3 pasture. Dashed
line represents annual pasture, solid line represents native perennial pasture.
Stars indicate dates of measurement where significant differences (twice the
standard error) existed between the pastures. Not all dates of measurement have
been presented………………………………………………………………….88
Figure 4-11 Volumetric soil water content for each soil layer in the C3/C4 pasture.
Dashed line represents annual pasture, solid line represents native perennial
pasture. Stars indicate dates of measurement where significant differences
(twice the standard error) existed between the pastures. Not all dates of
measurement have been presented……………………………………………..89
Figure 4-12 Volumetric soil water content for each soil layer in the C4 pasture. Dashed
lines represent annual pasture and the solid lines represent native perennial
pasture. Stars indicate dates of measurement where significant differences
(twice the standard error) existed between the pastures. Not all dates of
measurement have been presented……………………………………………..90

xix

Figure 4-13 The green leaf area index (GLAI) of the native pastures (solid line) and the
annual pastures (dashed line) at the (a) C3 pasture, (b) C3/C4 pasture and (c) C4
pasture. GLAI was not collected for annual pasture prior to July 2004……….91
Figure 4-14 The percentage occurrence of plants found in the early reproductive (solid
line) and the late reproductive (dashed line) phenological stages for (a)
Microlaena stipoides and (b) Austrodanthonia spp. in the C3 pasture during the
Farm experiment………………………………………………………………..93
Figure 4-15 The percentage occurrence of plants found in the early reproductive (solid
line) and the late reproductive (dashed line) phenological stages for (a)
Microlaena stipoides, (b) Austrodanthonia spp. and (c) Bothriochloa macra in
the mixed C3/C4 pasture during the Farm experiment………………………….94
Figure 4-16 The percentage occurrence of plants found in the early reproductive (solid
line) and the late reproductive (dashed line) phenological stages for Themeda
triandra in the C4 pasture during the Farm experiment………………………...95
Figure 4-17 Average root counts in each 10 cm soil layer (grey bars) and their
associated root distributions (dashed line) as calculated from cumulative root
fractions and the asymptotic root distribution function Y = 1-βd for both the
native and annual pasture treatments at the C3 pasture field site. Stars indicate
soil depths where significant differences (twice the standard error) between
pasture types exist………………………………………………………………96
Figure 4-18 Average root counts in each 10 cm soil layer (grey bars) and their
associated root distributions (dashed line) as calculated from cumulative root
fractions and the asymptotic root distribution function Y = 1-βd for both the
native and annual pasture treatments at the C3/C4 pasture field site. Stars indicate
soil depths where significant differences (twice the standard error) between
pasture types exist………………………………………………………………97
Figure 4-19 Average root counts in each 10 cm soil layer (grey bars) and their
associated root distributions (dashed line) as calculated from cumulative root
fractions and the asymptotic root distribution function Y = 1-βd for both the
native and annual pasture treatments at the C4 pasture field site. Stars indicate
soil depths where significant differences (twice the standard error) between
pasture types exist………………………………………………………………97
Figure 5-1 Monthly rainfall received between July 2003 and July 2005 at the Density
experiment field site in Wagga Wagga, NSW (Columns). Monthly pan
evaporation (― ― ― ― ); Long-term average monthly rainfall (—————)
…...……………………………………………………………………………114
Figure 5-2 Available soil moisture of the whole soil profile for (a) Bothriochloa macra
and (b) Austrodanthonia spp. in comparison to Italian ryegrass (black, dashed
line (▼)), Mulch (grey, dashed line (▼)) treatments across the time of the
experiment. Symbols represent perennial grass planting densities: ▲ = 4 plants
m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants m-2. Solitary symbols
above lines represent key points in time when the perennial grasses have been
predicted to be significantly different to Italian ryegrass…………...………...117

xx

Figure 5-3 Available soil moisture in the upper annual root zone (0 to 67.5 cm) of (a)
Bothriochloa macra and (b) Austrodanthonia spp. in comparison to Italian
ryegrass (black dashed line (▼)) and Mulch (grey dashed line (▼)) treatments
across the time of the experiment. Symbols represent perennial grass planting
densities: ▲ = 4 plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants
m-2. Solitary symbols above lines represent key points in time when the
perennial grasses have been predicted to be significantly different to Italian
ryegrass.
120
Figure 5-4 Available soil moisture in the maximum annual root zone (67.5 to 110 cm)
of (a) Bothriochloa macra and (b) Austrodanthonia spp. in comparison to Italian
ryegrass (black dashed line (▼)) and Mulch (grey dashed line (▼)) treatments
across the time of the experiment. Symbols represent perennial grass planting
densities: ▲ = 4 plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants
m-2. Solitary symbols above lines represent key points in time when the
perennial grasses have been predicted to be significantly different to Italian
ryegrass………………………………………………………………………..123
Figure 5-5 Available soil moisture below the annual root zone (110 to 180 cm) of (a)
Bothriochloa macra and (b) Austrodanthonia spp. in comparison to Italian
ryegrass (black dashed line (▼)) and Mulch (grey dashed line (▼)). Symbols
represent perennial grass planting densities: ▲ = 4 plants m-2, ● = 9 plants m-2,
■ = 16 plants m-2 and ♦ = 25 plants m-2. Solitary symbols above lines represent
key points in time when the perennial grasses have been predicted to be
significantly different to Italian ryegrass……………………………………...125
Figure 5-6 Basal area of perennial grasses across time in the density experiment. Grey
lines are Austrodanthonia spp. treatments and black lines are Bothriochloa
macra treatments. Symbols indicate original planting densities: ▲ = 4 plants
m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants m-2……………..…127
Figure 5-7 REML predicted basal area (m2 m-2) of Austrodanthonia spp. (V) and
Bothriochloa macra (●) measured on the 22nd of December 2004 compared to
original planting densities……………………………………………………..128
Figure 5-8 REML predicted cubic spline curves of green leaf area across time for (a)
Bothriochloa macra and (b) Austrodanthonia spp. (solid lines) planted at ▲ = 4
plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants m-2. Dashed
lines (▼) in both graphs represent Italian ryegrass which was only measured in
the second season. Error bars indicate twice the maximum standard error…..129
Figure 5-9 Partitioning of biomass for (a) Bothriochloa macra (b) Austrodanthonia spp.
averaged across planting densities. Measurements did not include mulch or plant
biomass less than 2.5 cm in height……………………………………………132
Figure 5-10 The percentage of plants where the most advanced phenological stage is in
the early stages of reproduction (stem elongation to anthesis). Black lines
indicate Bothriochloa macra treatments and grey lines indicate Austrodanthonia
spp. treatments planted at ▲ = 4 plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2
and ♦ = 25 plants m-2. Error bars indicate twice the maximum standard error
………………………………………………………………………………...133

xxi

Figure 6-1 A diagram of how the minirhizotron tubes were arranged (Southwell et al.
2005). A sealed polycarbonate tube installed at 45o to a depth of 1.5 m. The top
of the tube was covered and capped to prevent sunlight and air temperatures
from affecting roots…………………………………………………………...148
Figure 6-2 Bothriochloa macra planted at 16 plants m-2. Figure shows a branching root
(A) crossing beneath a line etched onto the outside of the minirhizotron tube (B)
….……………………………………………………………………………. 149
Figure 6-3 Austrodanthonia spp. planted at 16 plants m-2. Figure shows a large root
(A) crossing beneath a line etched onto the outside of the minirhizotron tube (B).
Also visible is a reference number (C) etched onto the tube indicating the
vertical soil depth……………………………………………………………...149
Figure 6-4 Austrodanthonia spp. planted at 25 plants m-2. Figure shows a typical
branching root (A) crossing beneath a line (B) etched onto the outside of the
minirhizotron tube…………………………………………………………….149
Figure 6-5 Average total roots found to the maximum coring depth for each treatment
in the Density experiment using the core-break technique in November 2005.
Error bar indicates twice the average standard error………………………….151
Figure 6-6 Average total roots found to a soil depth of 60 cm for each treatment in the
Density experiment using the core-break technique. Error bar indicates twice the
average standard error………………………………………………………...151
Figure 6-7 Average total roots found for the soil layer 60 to 110 cm for each treatment
in the Density experiment using the core-break technique. Error bar indicates
twice the average standard error……………………………………………....152
Figure 6-8 The average maximum rooting depth of each (a) species (b) planting density
of perennial species within the Density experiment as determined by the corebreak method………………………………………………………………….153
Figure 6-9 Core-break root counts measured at 10 cm intervals down the soil profile for
each treatment at the Density experiment in November 2005………………...155
Figure 6-10 Cumulative root distribution of grasses Austrodanthonia spp. (grey) and
Bothriochloa macra (black) measured using the core-break technique in the
Density experiment in November 2005. Data has been fitted to the asymptotic
beta function of Y = 1-βd where, Y = cumulative root fraction and d = soil depth.
Symbols represent original planting densities: ▲ = 4 plants m-2, ● = 9 plants
m-2, ■ = 16 plants m-2 and ♦ = 25 plants m-2……………………………….…156
Figure 6-11 Changes in soil water content (mm, wettest minus driest) recorded for each
treatment of the Density experiment during drying cycles 1 (black line) and 2
(grey line) outlining the zone of soil water depletion and potentially root
distribution…………………………………………………………………….158

xxii

Figure 6-12 Average total number of roots found for Bothriochloa macra (solid line)
and Austrodanthonia spp. (incremented line) across the minirhizotron
measurement period at the Density experiment. Symbols (grey =
Austrodanthonia spp.; black = Bothriochloa macra) represent original planting
densities for each plot: ▲ = 4 plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and
♦ = 25 plants m-2. Scatter has been included to give an indication of the variation
in root counts within treatments………………………………………………159
Figure 6-13 Average total number of roots to 60 cm soil depth for Bothriochloa macra
(solid line) and Austrodanthonia spp. (incremented line) across the
minirhizotron measurement period at the Density experiment. Symbols (grey =
Austrodanthonia spp.; black = Bothriochloa macra) represent original planting
densities for each plot: ▲ = 4 plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and
♦ = 25 plants m-2. Scatter has been included to give an indication of the variation
in root counts within treatments………………………………………………161
Figure 6-14 Average total number of roots from 60 to 110 cm soil depth for
Bothriochloa macra (solid line) and Austrodanthonia spp. (incremented line)
across the minirhizotron measurement period at the Density experiment.
Symbols represent Bothriochloa macra original planting densities for each plot:
▲ = 4 plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants m-2.
Scatter has been included to give an indication of the variation in root counts
within the Bothriochloa macra treatments……………………………………162
Figure 6-15 Average total number of roots from 110 to 150 cm soil depth for
Bothriochloa macra (solid line) and Austrodanthonia spp. (incremented line)
across the Minirhizotron measurement period at the Density experiment.
Symbols represent Bothriochloa macra original planting densities for each plot:
▲ = 4 plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants m-2.
Scatter has been included to give an indication of the variation in root counts
within the Bothriochloa macra treatments……………………………………163
Figure 6-16 Predicted average maximum rooting depths of the perennial grasses
Austrodanthonia spp. (grey symbols) and Bothriochloa macra (black symbols)
across period of minirhizotron measurement. Symbols represent original
planting densities: ▲ = 4 plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ =
25 plants m-2. Error bar indicates twice the average standard error………….164
Figure 6-17 Average minirhizotron root counts across the period of data collection in
the Density experiment………………………………………………………..166
Figure 6-18 Average cumulative root distribution of grasses Austrodanthonia spp.
(grey) and Bothriochloa macra (black) found from minirhizotron measurements
at the Density experiment field site. Data has been fitted to the asymptotic beta
function of Y = 1-βd. Symbols represent original planting densities: ▲ = 4
plants m-2, ● = 9 plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants m-2………...167

xxiii

Figure 6-19 Comparison of β values across the time of minirhizotron measurements for
the grasses Austrodanthonia spp. (grey) and Bothriochloa macra (black).
Cumulative root fraction data has been fitted to the asymptotic beta function of Y
= 1-βd. Values closer to 1 indicate a larger proportion of roots at deeper soil
depths. Symbols represent original planting densities: ▲ = 4 plants m-2, ● = 9
plants m-2, ■ = 16 plants m-2 and ♦ = 25 plants m-2. Error bar indicates twice the
average standard error………………………………………………………...168
Figure 6-20 Average counts recorded from Minirhizotron tubes in October 2005 prior
to the collection of core-break samples……………………………………….170
Figure 7-1 Internal structure and feedback flows of the Native Pasture Model
component of CAT. State variables are found in square boxes with green boxes
representing those that are for specific tissue classes. Process boxes are
coloured blue with a valve to indicate where they impact on the flow of material.
Auxiliary or driving variables (circles) such as climate and soils are external to
the model and influence a range of processes. “TPTR” refers to the tissue pool
transfer rate……………………………………………………………………190
Figure 7-2 Two curves describing the relationship between basal area and the basal area
coefficient for growth efficiency in the calculation of net primary production.
The dashed line represents Equation 7-4 used when simulating Bothriochloa
macra. The solid line represents Equation 7-5 used when simulating
Austrodanthonia spp…………………………………………………………..193
Figure 7-3 Root distributions used the Native Pasture Model modelled at increments of
100 mm. KR3 = 0 refers to Equation 7-14, KR3 = 1 refers to Equation 7-15, KR3 =
2 to Equation 7-16 and KR3 = 3 to Equation 7-18. KR3 = 2 was used in the NPM
………………………….……………………………………………………..197
Figure 7-4 Bet Bet catchment located in North-central Victoria (DPI Victoria, 2007)
……………………………………………………………………….………..204
Figure 7-5 Spatial layout of current land use practices within the Bet Bet catchment.
……………………………………………….………………………………..205
Figure 7-6 (a) A soil map of the Bet Bet catchment located in the North Central CMA
of Victoria soil types are described according to Northcote code. (b) An
elevation map of the Bet Bet catchment located in the North Central CMA of
Victoria………………………………………………………………………..206
Figure 7-7 The distribution of the various land use models applied to the Bet Bet
catchment region according to the experimental scenarios…………………...209
Figure 7-8 Green leaf area index of Austrodanthonia spp. when planted at 4, 9, 16 and
25 plants m-2. Black circles represent actual green leaf area index (GLAI) values
statistically derived (REML) from experimental data (Chapter 5) and line
represents model simulated GLAI across experimental period from December
2004 to May 2005……………………………………………………………..212

xxiv

Figure 7-9 Green leaf area index (GLAI) of Bothriochloa macra when planted at 4, 9,
16 and 25 plants m-2. Black circles represent actual green leaf area index
(GLAI) values statistically derived (REML) from experimental data (Chapter 5)
and line represents model simulated GLAI across experimental period from
December 2004 to May 2005…………………………………………………213
Figure 7-10 Actual green leaf area index (GLAI) values statistically derived (REML)
from square-root transformed experimental data (Chapter 5) compared to
modelled values across the experimental period for Bothriochloa macra and
Austrodanthonia spp. across all planting densities. Line represents the 1:1 ratio.
Note the change in scale for Austrodanthonia spp……………………………214
Figure 7-11 Soil water deficits generated for Austrodanthonia spp. when planted at 4,
9, 16 and 25 plants m-2. Black circles represent actual SWD statistically derived
(REML) from experimental data (Chapter 5) and lines represent model
simulated values across the experimental period from December 2004 to May
2005…………………………………………………………………………...216
Figure 7-12 Soil water deficits generated for Bothriochloa macra when planted at 4, 9,
16 and 25 plants m-2. Black circles represent actual SWD statistically derived
(REML) from experimental data (Chapter 5) and lines represent model
simulated values across the experimental period from December 2004 to May
2005…………………………………………………………………………...217
Figure 7-13 Actual soil water deficit (SWD) values statistically derived (REML) from
the experimental data collected in Chapter 5 compared to modelled values across
the experimental period for all pasture species and densities. Line represents the
1:1 ratio………………………………………………………………………..218
Figure 7-14 Recharge estimates of greater than 50 mm for experimental scenarios
across the Bet Bet catchment using CAT……………………………………..220
Figure 7-15 Theoretical examples of model accuracy based on statistical comparisons
of measured (dots) and modelled (lines) data…………………………………225
Figure 8-1 A theoretical illustration of the relationship between species abundance and
soil water deficit………………………………………………………………236

xxv

Publications and Proceedings
Southwell AF, Beverley CR, Virgona JM (2003) Native pastures: Their potential in the
fight against dryland salinity. In 'Productive Use of Saline Land (PURSL)
Conference'. Yeppoon, Queensland, Australia.
Southwell AF, Virgona JM, Ridley AM, Eberbach P (2005) How deep do Bothriochloa
macra roots go in comparison to Austrodanthonia spp.? In 'National native grasses
conference'. Burra, South Australia.
Southwell AF, McKenzie G, Virgona JM, Ridley AM, Eberbach P (2005) The use of
digital imagery for the assessment of green biomass in native pastures. In 'XX
International Grassland Congress'. Dublin p. 892.
Southwell AF, Virgona JM, Eberbach PE, Ridley AM (2008) The effect of pasture
composition on the soil water dynamics beneath native pastures in the high rainfall
zone of south-eastern Australia. In '2nd International Salinity Forum'. Adelaide,
Australia
Southwell AF, Beverly CR, Virgona JM (2008) Modelling native pasture hydrology at
the catchment scale. In 'International Grassland Congress - International Rangeland
Congress'. Hohhot, China

xxvi

Abbreviations
LAI

Leaf Area Index

GLAI

Green Leaf Area Index

SWDDIFF

Soil Water Deficit Difference

SWDMAX

Maximum Soil Water Deficit

C3

Plants of the 3-carbon biochemical pathway

C4

Plants of the 4-carbon biochemical pathway

NPM

Native Pasture Model

CAT

Catchment Analysis Tool

ET

Evapotranspiration

RS

Run-off

NMM

Neutron Moisture Meter

xxvii

Chapter 1. Introduction & Review of Literature - Factors
influencing the soil water dynamics beneath native perennial
pasture in the High Rainfall Zone of south-eastern
Australia.

1.1

Introduction

Prior to European settlement, the landscape of the south-east Australian high rainfall
zone (>600 mm annual rainfall) was dominated by open woodlands with an understorey
of tall, generally warm-season grasses such as Themeda triandra (syn. australis). Since
settlement, considerable vegetation change has occurred initially through the removal of
woody vegetation but also the accidental or deliberate replacement of native perennial
pastures with introduced annual and/or sown perennial pasture species (Moore 1970).
Further to this, poor persistence of introduced perennial pastures and mismanagement of
native perennial pastures has led to widespread degradation of pasture perenniality.

Dryland salinity has emerged as major environmental degradation issues in southeastern Australia (Passioura and Ridley 1998), particularly in the form of stream
salinity. Within 50 years, the salinity levels of Murray river at Morgan in South
Australia are projected to be bordering the 800 EC limit specified by the World Health
Organisation for drinking water (Walker et al. 1999). The high rainfall zone (HRZ) is
an important contributor to salt entering this river system. At least half of the region’s
tributaries are increasing in stream salinity, particularly where average annual rainfall is
500 – 800 mm yr-1 (Jolly et al. 2001).

It has been found that vegetation change is strongly associated with altered landscape
hydrology (White et al. 2003). Thus, interest has arisen in native perennial pastures as a
potential means for increasing the perennial content of the landscape (perenniality)
whilst maintaining agricultural production, particularly in less arable regions (Lodge
1994). In the HRZ, native pastures often still exist, and their composition, both in terms
of the type of species present and their proportion of total pasture composition varies
considerably. It is not known how native pasture composition affects landscape
hydrology or the potential impact the enhancement of native perennial grass abundance
(plant size and occurrence) within these pastures will have in addressing these
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environmental degradation issues. Before any advice can be offered to landscape
managers in terms of the value of native perennial pastures for recharge control, it is
necessary to gain an understanding of how native pastures affect landscape hydrology
both at the community and individual species level.

The overall objective of this study was to determine how the composition of native
pastures in the high rainfall zone of south-eastern Australia affects soil water dynamics.
The following literature review draws together what is known about the water use
patterns of native pastures and discusses how plant physical attributes, perennial
abundance and management factors influence this. A series of experiments were
subsequently carried out aiming to:
1. determine the influence of individual species and species type on the water use
of native pastures
2. determine the influences of species abundance in water use of native pastures
3. identify key above and below-ground features of native perennial grasses
associated with increased water use
4. explore the impact of native pasture composition at the broader scale

1.2

The water balance and deep drainage

Rainfall can be partitioned in a number of ways depending on soil surface conditions
and vegetation as described in Equation 1-1.
P + RON = ET + RS + RSS + D + ΔS
Equation 1-1

where
P is the amount of precipitation
RON is the amount of water flowing onto the site via surface and sub-surface
flows (run-on)
ET is the evapotranspiration from the plant and surrounding soil
RS is the amount of water leaving the site via surface flows (run-off)
RSS is the amount of water leaving the site via sub-surface flows
D is the drainage beyond the root zone of the vegetation
ΔS is the change in soil water content within the root zone

Run-off (RS) and sub-surface flows (RSS) are the primary source of fresh water into
rivers and streams and their quality is important for down stream communities and
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ecosystems (Johnston et al. 2004). Partitioning to these processes is influenced by soil
characteristics and vegetation. Run-off is often reduced by increased biomass and
groundcover (Costin 1980; Hughes et al. 2006).

Deep drainage (D) is the amount of water draining below the root zone of plants.
Recharge is that portion of deep drainage that enters the groundwater, contributing to its
rise and, under certain conditions, an increase in the expression of salinity. As rainfall
increases, generally so does the amount of deep drainage and recharge to groundwater
systems (Petheram et al. 2002). Deep drainage rates also vary with topography, soil
type, land use and the regolith (Clarke et al. 2002). Over half the recharge in Victoria
occurs on the hill country (10-30% of land area, Taylor and Clifton 1993) where stony
ridges typified by shallow soils of low soil water storage capacity and high groundwater
recharge potential predominate (Eberbach and Burrows 2006).

Though the environment determines much of how rainfall is partitioned, deep drainage
rates can be influenced by the modification of evapotranspiration (ET) which varies
widely between vegetation types as shown by Figure 1-1. Herbaceous perennial species
reduce recharge (referred to as ‘leakage’) more than annual species due to increased ET
but can still produce considerable leakage compared to trees (Walker et al. 1999).

Figure 1-1 The relationship between annual rainfall and the amount of leakage for
three types of vegetation as summarised from many studies across Australia by
Walker et al. (1999).

Chapter 1. Introduction and review of literature

3

Agricultural systems are generally based on annual vegetation. Estimates of recharge
under annual vegetation vary from <40 mm in lower rainfall regions (< 600 mm) to
>200 mm in high rainfall (800 to 900 mm) regions which is approximately 10 to 100
times that of trees (Passioura and Ridley 1998) as shown in Figure 2-1. This shift in
botanical composition has been the major cause of changes in the water balance
resulting in increased environmental problems with respect to salinity (Cransberg and
McFarlane 1994; Petheram et al. 2002; White et al. 2003) and soil acidity (Ridley et al.
1990; Scott et al. 2000a) and also potentially erosion, biodiversity and the quality and
quantity of run-off (Dunin and Downs 1962).

1.3

Characterising native perennial pastures

1.3.1 Botanical change in the HRZ
The High Rainfall Zone (HRZ) is characterised by a temperate climate (commonly
>600 mm annual rainfall), steep topography, and a variable, acidic, shallow and highly
duplex soils of often low water holding capacity (Eberbach and Burrows 2006). The
dominant agricultural activity in this region is grazing by sheep and cattle on permanent
pastures of mostly ‘native’ or ‘degraded native’ composition.

Tree clearing has been the largest cause of perennial loss across the Australian
landscape. An estimated 44% of New South Wales was cleared or ringbarked in the first
130 years of settlement (Reed 1990), much of which occurred in the HRZ. Tree
removal converted a complex, multi-layered vegetation system with a distinct overstorey into a modified grassland system of only a single vegetation layer.

In combination with tree removal, loss of perennial grasses has also occurred. Amongst
the grassland vegetation, warm season (C4) perennial grasslands (particularly Themeda
triandra (syn. australis)) have largely been replaced by cool season (C3) annual pastures
(Moore 1970; Garden and Bolger 2001; Wolfe and Dear 2001; Clarke et al. 2002).
Other common dominant and co-dominant species prior to settlement belonged to the
genera Poa, Austrodanthonia, Eragrostis, Bothriochloa, Sporobolus, Aristida and
Austrostipa (Donald 1970a). Where native grasses are still present, cool-season
perennials such as Austrodanthonia spp. are dominant (Moore 1970). The most
successful invading annual grasses include Vulpia spp., Bromus molliformis (both found
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in over 85% of perennial pastures, Dellow et al. 2002), Hordeum spp. and Lolium
rigidium (Donald 1970a).

Many conceptual models have been developed to describe how the botanical changes in
native pastures have come about (e.g. Moore 1970). One such conceptual model is the
“state and transition model” which proposes that a vegetation community can arrive at a
range of user-defined “states” following an event or management triggered “transition”
(Westoby et al. 1989). Transitions within native pastures are not well understood and
have mostly been associated with a decline in native perennial grass distribution and
abundance triggered by increased grazing and soil fertility (Benson 1991; Garden et al.
2000b). States are not easily defined and transitions may require multiple and
sometimes episodic triggers to coincide (Westoby et al. 1989). The degree of transition
has varied greatly in the HRZ and as a consequence, the present composition of native
grass-based pastures now varies widely (Garden et al. 2000b).

Given the range of ‘native pastures’ present, it is important to define what constitutes a
‘native pasture’. Attempts have been made to define ‘native’ pastures according to their
level of native species content ranging from almost pure stands (Whalley and Lodge
1987; Andrew and Lodge 2003) to as little as 5% ground cover (Johnston et al. 2004).
Evidence presented below suggests that few ‘pure’ native pastures now exist in southern
Australia greatly restricting the use of the term. Further, it is unknown if pastures of
low native grass content retain any of the functional properties of pastures with high
native grass content. Thus, for the purpose of this thesis the broad definition of
Crosthwaite and Malcolm (2001) has been adopted where the term ‘native pasture’
refers to “any pasture in which native grasses are the main perennial species, though
annual grasses and legumes may be the main species during winter and spring”.

The term ‘grasslands’ has not been used in this thesis as true grasslands (those grass
dominant regions naturally devoid of woody vegetation) occur rarely in the high rainfall
zone, only modified grasslands following the removal of the upper vegetation layers.
True grasslands are found in regions of low rainfall where woody vegetation cannot be
supported (Auslig 1990).
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1.3.2

The extent of native pastures in the HRZ

The estimated area occupied by native pastures has not been determined given the lack
of a common definition of what constitutes a native pasture, the great variability in
composition of native pastures and insufficient survey data. The extent of native
pastures has been surveyed in parts of central and southern New South Wales but little
has occurred in other states. Across the central, southern and Monaro tablelands of
NSW, Garden et al. (2000a) estimated that approximately 40% (1.38 million ha) of the
land area was undisturbed and thus predominantly native pastures. This was considered
a conservative estimate as it did not include disturbed areas (those previously sown to
crop or exotic pasture species) that had reverted back to native pastures. In 1993,
improved native (fertilised) and unimproved native pastures were estimated to cover
approximately 79% of NSW (Pearson et al. 1997) based on ‘desk estimates’ of
professionals across local government areas including rangeland areas. Thus, for the
HRZ, a conclusive picture can still not be made with regards to the extent of native
pasture coverage and transformation on a regional scale (Virgona et al. 2002).

It is likely that current levels of native perennial grasses found in both disturbed and
undisturbed pastures are a result of re-colonisation (Virgona et al. 2002). The dominant
native species Austrodanthonia spp. and Microlaena stipoides appear to be readily
capable of this. In the Goulburn district of New South Wales, 30% of the composition
of pastures previously sown to exotic species was recorded to be native (Munnich et al.
1991) when measured over summer. Of this portion, Austrodanthonia spp. and M.
stipoides were dominant, comprising 22%. Only slightly higher composition levels
were recorded in undisturbed native pastures which contained 45% native species (of
which 32% was Austrodanthonia spp. and M. stipoides).
Austrodanthonia spp., Microlaena stipoides and Bothriochloa macra were reported by
Dellow et al. (2002) to be widespread (57%, 34% and 24% respectively) but not of high
abundance in terms of pasture biomass in Spring (3.2%, 6.3% and 7.7% respectively)
for the permanent temperate pasture zone of south-eastern Australia. This survey was
conducted during a period when temperate annual species are most abundant and
natives less so.
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1.4

Management options for reducing recharge in the HRZ of
south-eastern Australia and the role of native pastures

Whilst it is well established that increasing perenniality is needed to ameliorate the
hydrological imbalance, how to achieve this at the scale required is difficult. The HRZ
is topographically variable, limiting the types of management options that can be
employed. Much of the HRZ also has the additional challenge of being closer to large
population centres resulting in smaller farms, increased land prices relative to value for
agricultural production and off-farm incomes. Such circumstances can reduce the
financial or management capacity of farmers to successfully farm perennial systems
(Cary et al. 2002; Ridley and Pannell 2005).

Though physical factors determine the suitability of a salinity control measure, adoption
is determined by social, economic and environmental factors (Dyson 1992). For
alternate management options to be adopted and successful, they generally need to be
profitable (Pannell and Ewing 2006), observable, trialable and simple (Cary et al.
2002), practical to implement, of low risk (Kemp and Michalk 2007), effective and
easily incorporated into the farming system currently being practiced. Given the
constraints associated with the HRZ landscape, only three options appear feasible;
1) reafforestation, 2) revegetation and 3) perennial pastures (exotic and native).

Reafforestation (option 1) has been shown most effective in terms of recharge control
(see Figure 2-1), however in the HRZ it is considered counter-productive (Stirzaker et
al. 2002). The HRZ of south eastern Australia produces the majority of fresh water that
enters the waterways of the Murray-Darling catchment servicing the industry and
domestic needs of downstream communities and irrigation areas. In an 800 mm rainfall
zone, conversion from pastures to trees is estimated to reduce catchment water yield by
1.5 ML ha-1 year-1 (Van Dijk et al. 2006). With plantation areas currently around 1.7
million hectares and rising, this is a considerable volume of fresh water lost. Lane et al.
(2005) predicted for south-east Australian catchments, that significant reductions in
flow duration and significant increases in zero flow days occurred following
afforestation, particularly during periods of median to low flow. Downstream
communities are therefore likely to be most affected in years of median to low rainfall
when they are in greatest need of river water. The use of trees is not a panacea for
reducing the salinity problem and should be targeted to locations where salinity benefits
outweigh reductions in freshwater yield (Dunin and Passioura 2006).
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Revegetation (option 2) is the planting or regeneration of native vegetation on parts of
the farm landscape segregated for remediation. The degree of revegetation required to
achieve a response in catchment hydrology varies greatly (Hatton and Nulsen 1999)
though benchmarks of 30% of pre-European vegetation levels have been set by the
Murray-Darling Basin Commission (Johnston et al. 2004). Without carbon markets,
few ongoing opportunities for financial return exist from revegetation following
establishment and unless counter-balancing production benefits are associated with
revegetation (e.g. laneways and shelter belts), the adoption of such options is unlikely
(Crosthwaite and Malcolm 1999).

The sowing of perennial pastures (option 3) has long been advocated for increasing
widespread perenniality. Though water use is reduced in comparison to woody
perennials (Figure 1-1), perennial pastures have the additional advantages of producing
run-off and forage for a range of livestock production systems (Pannell and Ewing
2006). Sowing perennial pastures is deemed financially risky if pastures do not deliver
increased biomass levels for at least 8 years (Crosthwaite and Malcolm 1999) and if not
accompanied by increased stocking rates (Ridley et al. 2003). To be profitable, sown
perennial pastures therefore require a greater degree of management.

Though many edaphic issues in the HRZ can be ameliorated in the more arable parts of
the landscape (e.g. the application of lime for acidity, White et al. 2000), topography
greatly limits adoption in less arable areas. The financial feasibility of sowing
perennial pastures is therefore limited to regions of favourable climatic and edaphic
conditions where persistence and production is greatest, greatly reducing their potential
area in the HRZ. Native pastures are therefore rarely competing for the same part of the
landscape.

Some cultivars of native perennial grass species are now available commercially though
new sowings remain at low levels (Pannell et al. 2004). Seed costs are much greater for
native grasses compared to exotic cultivars and the lower levels of production and
persistence at higher grazing pressures (mostly C4 grasses, Lodge and Whalley 1989) is
often observed. These factors, coupled with the greater risk of poor establishment
(Lodge et al. 1998; Semple et al. 1999), makes the sowing of native pastures
economically unfeasible.
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1.4.1 Opportunities for enhancing the perenniality of native pastures (Option 3)
With limited methods for increasing perennial content, enhancing presently low native
perennial grass populations through better grazing management is gaining favour.
Reeve et al. (2000) found that 82% of farmers surveyed from across the temperate HRZ
considered improving native pastures through ‘better’ grazing management worthwhile.
It would also appear from Jones et al. (2006) that it is economically more favourable
over the long-term to employ strategies (e.g. tactical summer grazing rests) to enhance
perennial content in HRZ pastures. It should however be considered that an underlying
assumption of this economic modelling framework is that all perennial pastures (both
exotic and native) respond to management and season in the same way (Jones et al.
2006) and possess the same ecological, production and hydrological value within the
landscape. Regardless, the low level of investment required and the potentially
favourable returns from ‘better’ native pastures has been found attractive to farmers
(Vere et al. 2002).

Native perennial grasses are still widely distributed in the HRZ at low levels and the
area where perennial abundance could potentially be enhanced from existing natural
populations is extensive. Stream salinity levels continue to increase in many
catchments where native pastures predominate (Jolly et al. 2001) emphasizing that there
is a need to do so on a broad scale.
With adequate seed banks, time, tactical grazing and ‘good’ seasons (Johnston et al.
2004; Dowling et al. 2006) the deliberate manipulation of pasture composition is
possible but has been difficult to demonstrate in practice (e.g. Garden et al. 2000b).
The gap between transforming grazing management theory into a useful management
tool is still wide as the relationship between plant growth and reproduction, grazing,
management and season is highly complex. The present inability of managers to
identify native grasses and understand their annual growth patterns also limits the
practice of ‘better’ grazing management techniques (Garden et al. 2000a).

Most importantly, whilst it is generally agreed what constitutes a ‘better’ native pasture
from a production perspective (Archer and Robinson 1988; Robinson and Archer 1988),
it has not been determined from a hydrological one. Any attempt to successfully
influence management to increase perenniality in native pastures will require a
demonstrated relationship between pasture composition and water use.
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1.5

The water use of native perennial pastures

1.5.1 Water use of native pastures
The Sustainable Grazing Systems (SGS) national experiment (Lodge 1998) has
generated much relevant data on water use in native pastures mostly in comparison with
pastures sown to exotic species (‘improved’ pastures). Within the SGS experiments,
mixed results were found for the water use of native pastures due to the variation in
what constituted a native pasture in terms of the types of species present and their
abundance. In addition, the SGS studies outlined below by Ridley et al. (2003) and
Johnston et al. (2003) were paired catchment studies and therefore not replicated.
Though indications of water use patterns can be drawn from the different pasture types,
actual comparisons cannot given the method is not statistically valid.
At two SGS paired catchment studies in North-east Victoria (Ridley et al. 2003), soil
water deficits were compared for native pastures and pastures sown to either phalaris or
cocksfoot. At one site, the greatest soil water deficits were created beneath the native
perennial pasture (20 – 40% Austrodanthonia spp. and Microlaena stipoides) compared
to cocksfoot though poor persistence of cocksfoot meant that the treatment was
effectively an annual pasture for part of the experimental period. The native pasture
was reported to have higher green leaf mass over summer. In the second catchment
study, phalaris persisted well and created a soil water deficit 30 mm greater than the
native treatment which comprised 5% native species (Ridley et al. 2003) and was
effectively an annual pasture given that perennial content was unlikely to have any
impact. Neither of the native treatments in north-east Victoria could be categorised as
even a naturalised pasture according to the SGS experimental protocol (Andrew and
Lodge 2003).
Both native (Bothriochloa macra) and sown (phalaris) pastures were in transition
throughout the SGS paired catchment study (Johnston et al. 2003) at Wagga Wagga,
NSW. Above average rainfall in February 2001 triggered a decline in phalaris
abundance (due to competition from C4 annual weeds) and an increase in B. macra
resulting in the decline in water use by the phalaris pasture and an increase in water use
by the B. macra pasture. Following this transition, differences in soil water deficits
widened leading Johnston et al. (2003) to incorrectly conclude that B. macra used more
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soil water than phalaris. The above study highlights the need to account for perennial
abundance as well as species when assessing the impact of pasture type on water use.
In the central tablelands of NSW, Hughes et al. (2006) compared a mixed naturalised
pasture (consisting of Austrodanthonia spp., Microlaena stipoides, Themeda triandra
and Bothriochloa macra) with 3 sown treatments: chicory (Chicorium intybus,
fertilised) and both fertilised and unfertilised perennial grasses (phalaris and cocksfoot).
Hughes et al. (2006) found that the tactically grazed, unfertilised naturalised pasture
(UNTG), the continuously grazed sown pasture (SPCG) and chicory (CH) created the
largest mean maximum soil water deficits (SWDMAX). Mean percentage perenniality
per treatment was found between 67% and 84% for the sown and UNTG treatments
compared to 35% - 54% for the remaining naturalised treatments (Hughes et al. 2006)
possibly reducing the ability of these treatments to create a comparable SWDMAX. Pretreatment perenniality levels were not displayed and there was no loss of perennial
content evident in the naturalised treatments. It is therefore likely that SWDMAX was
less associated with species per se than the proportion of perennials in the pasture.
Hughes et al. (2006) revealed that the proportion of C4 perennials increased in the
UNTG treatment.

This pasture was composed of a number of species and it was not

possible discern which species were responsible for this increase in water use. Though
it appeared likely that increased C4 perennial herbage mass increased SWDMAX (Hughes
et al. 2006), a closer relationship was found between total perennial herbage mass and
SWDMAX in regression analysis. This experiment was conducted on a single catchment
highly variable in terms of topography, soils and vegetation. This was well described
by King et al. (2006) and replication ensured that significant differences between
treatments for a range of environmental factors were not present (Hughes et al. 2006).
Treatment effects may have been more apparent had the spatial applications within
linear mixed modelling been employed or if pre-treatment SWDMAX was used as a
covariate.

In summary, the SGS national experiment clearly highlighted the importance of
perenniality for water use. Both Johnston et al. (2003) and Hughes et al. (2006)
demonstrated the responsiveness of changing perennial content on soil water deficits
and the potential impact of increasing C4 perennial content in pastures. It is not known
what proportion of perennial grass needs to be present in a pasture to have a
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functionally significant impact on soil water content compared to an annual pasture and
compared to widely adopted species such as phalaris, though some insight has been
gained from these experiments.

In all experiments above, the array of native perennial pasture communities examined
contained a range of native species. It was assumed that these communities are
widespread though most surveys examining native pasture botanical composition in the
past have concentrated on describing the predominance of key species generically
across regions, not pasture communities (Garden et al. 2001; Vere et al. 2002). Given
their geographical separation and, in most cases, shortage of both a robust statistical
design and control pasture, few conclusions can be drawn as to the relative effectiveness
of these pasture communities on soil water use.

1.5.2 Water use of individual species
Planted experiments offer comparable methods for determining species differences in
water use though few experiments have been conducted using native grasses. Species
differences in soil water deficit generally occur deeper in the soil profile. In a grazing
experiment conducted between 1994 and 1996 (Virgona and Bowcher 2000), soil water
was recorded to be 6 to 28 mm drier beneath phalaris than Austrodanthonia spp. to a
depth of 150 cm with no differences in basal area evident (Virgona and Southwell
2006).

In a four year study at two locations in NSW, all perennial species examined by Sandral
et al. (2006) were found effective at drying the soil profile to 170 cm in comparison to
lucerne. However, perennial grasses generally took longer to dry the profile,
particularly Austrodanthonia spp. which dried the soil to levels comparable to lucerne
after 3 years. The Austrodanthonia spp. treatment located at Junee declined from 5358% composition (72-85 plants m-2) in the first two years to 7% in the final year. This
decline was not reflected by the soil water data, raising the question of what perennial
grass abundance is sufficient to maintain high soil water use? Further investigation is
clearly required.
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Donald (1970b) also observed a more gradual use of soil water by Austrodanthonia spp.
and Austrostipa spp. in comparison to phalaris to a depth of 122 cm. Donald (1970b)
suggested that conservative water use may have also been associated with slower
growth (maximum rate of 33 kg/ha/day compared to 137 kg/ha/day by phalaris/clover
pasture). This comparison has its limitations as it is likely that there were major
differences in the age and fertility of the native pasture compared to the newly
established, well fertilised phalaris pasture.

Begg (1959) compared three native pasture communities to the water use of a phalaris/
white clover/sub clover pasture in northern NSW. These native pastures were
dominated by (a) Bothriochloa macra, (b) Sorghum leicladum and Themeda triandra,
and (c) Chloris truncata and Austrodanthonia pilosa. Great variation was found in soil
moisture availability with the phalaris pasture using considerably more soil water than
Austrodanthonia pilosa pasture with other pastures intermediate. Begg (1959)
speculated that such conservative water use was a survival mechanism. A number of
limitations also featured in the study; biomass levels varied considerably, fertiliser was
only used on the phalaris treatment and stocking rates differed between pastures as did
the depth of soil moisture measurement which was to 60 cm beneath natives and 90 cm
beneath phalaris.
Considering the above studies, it is most likely that the potential of Austrodanthonia
spp. to dry the soil is less than that of phalaris and lucerne. Dunin and Passioura (2006)
describe Austrodanthonia spp. as an “intermediate in hydrological behaviour between
Themeda and introduced [annual] pastures” which suggests that other native pasture
species (i.e. Themeda triandra, Dunin and Reyenga 1978) may have equivalent soil
water use to phalaris and lucerne.

Research into the soil water use of native perennial pastures has been conducted both
within commercial pastures and in sown experiments. Planted experiments offer
comparable methods for determining species differences in water use, though within an
artificial environment. It is very difficult to conduct statistically robust comparative
studies on water use of different communities at the paddock scale because of the large
variability in landscape factors. Planted experiments are criticised for their
oversimplification of the landscape limiting the application of results to paddock or
farm situations. A combination of these methods needs to be found where
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representative pasture communities can be compared and studied in a statistically robust
manner.

1.6

Grass attributes affecting water use in native perennial pastures

1.6.1 Annual/perennial growth habit
In southern Australia, the absence of winter annuals during summer and early winter
limits their ability to use rainfall that occurs during this time (Walker et al. 1999).
During a three year study comparing the water use of lucerne with annual subterranean
clover, no difference was recorded in the total water use (ET) of either species between
the opening rains in autumn and senescence of the annual pasture (Ward et al. 2001) yet
lucerne used 50 mm more water annually. Two factors were influencing this finding;
firstly, the perennial growth habit of the lucerne extended the period of time the plant
could use soil water. Secondly, a greater investment in a more permanent root system
enabled lucerne to uptake water far into a heavy clay B horizon which the annually
grown sub-clover roots could not penetrate. The impact of roots will be discussed in
more detail below.

1.6.2 Green leaf area index (GLAI)
To increase water use and reduce deep drainage, evapotranspiration (ET) must be
maximised. Evapotranspiration consists of both transpiration (T) from green leaves and
evaporation from the soil surface (ES). It has been shown in cropping situations that ES
dominates ET early in a crop’s development whilst T becomes dominant at later stages
when leaf area index (LAI) and canopy cover increases (Eberbach and Pala 2005).
Leaf area index (LAI) is the measure of leaf area per unit ground area. As a general
rule, when soil moisture is unlimited, ET increases with LAI (Greenwood 1986). When
LAI reaches approximately 3, ET plateaus (Kristensen 1974; Ritchie 1983; Taylor and
Clifton 1993) as the vegetative canopy closes, minimising ES. This relationship is
demonstrated in Figure 1-2 where actual evapotranspiration as a proportion of potential
evapotranspiration (Ea/Ep) is used instead of ET to standardise across species.
Vegetation structure is important as canopies of incomplete cover result in increased ES
due to bare surfaces intercepting a greater proportion of solar radiation. Eberbach and
Pala (2005) found that a greater proportion of ET was partitioned to ES when wheat was
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planted at wider sowing spacings despite green LAI and ET remaining equivalent
between the different row spacings. Dry, bare surfaces have been found to increase T
as vapour pressure deficits surrounding the plant increase (Ritchie 1983; Murphy and
Lodge 2001a).

Figure 1-2 The relationship between LAI and the ratio of actual evapotranspiration
(Ea) for barley, sugar beets and grass cut over short or long intervals to potential
evapotranspiration (Ep) (Penman) (Kristensen 1974).

Pastures of the HRZ are characterised by irregularly distributed perennial grasses with
spaces between mostly inhabited by annual species (Donald 1970a). The annual species
are usually dead in summer when potential ET is greatest creating a layer of litter or
mulch around perennial plants and reducing soil evaporation (ES). Murphy and Lodge
(2001a) found that increased litter cover altered the partitioning of ET, reducing ES and
resulting in soil moisture being released over a longer period.

Nulsen (1984) demonstrated that it is the duration of ET not the peak level that
determines plant water use. Longer periods of green leaf retention, particularly during
the warmer months, increase the opportunity for plants to transpire, increasing the
amount of water required. The length of time that a pasture will actually use water will
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be determined by inherent phenological factors regulating plant development, the
availability of water and the defoliation regime (Clifton and Schroder 1996). In simple
terms, this can be gauged by the time course of green leaf area index.

In many instances, due to the senescence of older leaves, only a proportion of the
canopy is capable of transpiring soil water necessitating the calculation of green leaf
area index (GLAI). Native pastures can contain a large amount of standing dead matter
from previous seasons (Dunin et al. 2006) influencing the sward microclimate.
Retention of standing dead in cereal crop fallows has been reported to reduce soil water
loss by up to 44% compared to bare surfaces (Smika 1983).

Dry matter production is also strongly related to water use (Briggs and Shantz 1914;
Tanner and Sinclair 1983; Bolger and Turner 1999; Ghannoum et al. 2001; Singh et al.
2003) essentially through its relationship with LAI. Within pastures of the HRZ, one
option of management is to increase production towards the LAI benchmark of 3 where
potential ET is reached. This could be done using management tools such as reducing
grazing pressure, incorporating highly productive species into the pasture and increasing
fertility. However, some negatives may be associated with such an option. Productive
exotic species often use soil water more rapidly (Donald 1970a) reducing the period
over which GLAI is maintained. Rapid use of soil water may also have severe
implications for surviving drought (Bolger et al. 2005) and could also induce earlier
summer dormancy in some species reducing their ability to respond to summer rainfall.
If not utilized, biomass can build-up in highly productive pastures reducing run-off and
increasing infiltration (Hughes et al. 2006). Increased production by means of increased
fertility also leads to increased competition from exotic annual species (Dunin et al.
2006), potentially affecting survival of native species.

Management needs to be aimed at practices that maintain sufficient LAI within a
pasture to utilise soil moisture at a rate that both maximises water use prior to autumn
and ensures the survival of perennial species. The rate of water use necessary will be
dependent on the water holding capacity of the soil and the ability of perennial species
to capture water through their roots.

Leaf area index (LAI) has been used extensively as a variable in the modelling of soil
water use (Ritchie 1972; Littleboy et al. 1992; Thornley 1996; Moore et al. 1997).
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Despite its importance, the difficulty of LAI measurement often leads to its substitution
for biomass in pasture water use experiments (e.g. McKeon et al. 1982; Johnson et al.
2003). The direct measurement of LAI requires destructive sampling. Results can vary
considerably necessitating the collection of many laborious measurements (Daughtry
and Hollinger 1984; Laca and Lemaire 2000). The development of methods to measure
LAI remotely include techniques utilising near infra-red reflectance (NIR) (e.g.
Pontailler et al. 2003) and canopy gap fraction (Welles 1990) technologies though these
techniques are limited by accuracy, expense and considerable calibration requirements.
In short canopies, measurement of LAI using these techniques is complicated by
incomplete cover and the close proximity of foliage to the ground.

The majority of studies investigating the relationship between LAI and water use have
been conducted in cropping systems where most of the canopy consists of transpiring
leaf area (e.g. Kristensen 1974; Ritchie 1983). An additional challenge is added when
measuring green leaf area index (GLAI). A technique to measure GLAI accurately,
remotely, reliably and at little expense is necessary for widespread collection of this
data.

1.6.3 Summer activity
Johnston et al. (1996) attributed the increase in recharge in agricultural environments
partly on the shift of peak growth periods to cooler seasons. Vapour pressure deficits at
this time of year are lower and therefore soil water is utilised less. To increase soil
water use by vegetation, a greater role for species that maintain growth in summer and
autumn has been recommended (Dunin et al. 1999) particularly for more Mediterranean
environments (Johnston et al. 1996). Two major factors affecting a species level of
summer activity are its photosynthetic pathway and mechanisms for dormancy.

The peak growing season of grasses generally reflects their photosynthetic pathway.
Species of the C4 photosynthetic pathway possess a 4-carbon compound as the primary
product of photosynthesis rather than a 3-carbon compound (C3) and are adapted to
growth at higher temperatures (Williams 1974). Such native grasses include
Bothriochloa macra, Themeda triandra and Chloris truncata and the genera Aristida,
Eragrostis, Sporobolus and Paspalidium (Johnston 1996). The summer activity of C4
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grasses is regarded as an advantage in reducing recharge south eastern Australia
(Johnston et al. 1996; Schroder et al. 1998; Johnston et al. 2002; Dunin et al. 2006).
There are many other pasture species of the C3 pathway that are also able to have
favourable water use characteristics. Lucerne, a C3 species, grows actively through the
summer-autumn period provided water is available (Crawford and MacFarlane 1995;
Robertson 2006). Its deep roots allow for extended growth into this period compared to
other species.

In a study that compared the soil moisture dynamics under a range of perennial species
(to a depth of 1.7 m), Sanford et al. (2006) concluded that the level of activity during
the summer period was more important than photosynthetic pathway. They also
observed at one location that the highly summer dormant variety of cocksfoot had
similar water use patterns to annual species and was the least productive perennial
species examined. Response to summer rainfall is considered important for maximising
water use (Sandral et al. 2006) and it is possible that dormancy coupled with greater
replacement of roots and slower root development (Ridley and Simpson 1994) makes
this species slower to respond.

Lolicato (2000) concluded that the impact of summer dormancy on water use was
negligible when examining maximum soil water deficits created by a range of
introduced species and cultivars. However, compared to other cultivars of cocksfoot,
the highly summer dormant cultivar ‘Kasbah’ had significantly higher soil water
contents following high summer rainfall. It is likely that this rainfall was sufficient to
break dormancy mechanisms in cultivars of lesser dormancy and allow soil water to be
used. The degree of summer dormancy within a pasture may therefore only be
influential on soil water deficits in years of high summer rainfall.

Generally, native grasses lack summer dormancy and will produce green leaf when soil
water is available over the summer/autumn period (Dunin and Passioura 2006). In
environments where a higher proportion of rainfall occurs in summer, some native C3
grasses (e.g. Austrodanthonia spp. and M. stipoides) can maintain green leaf all year
round (Robinson and Archer 1988) and may collectively be referred to as “year-longgreens” (Lodge and Whalley 1983). Some characteristics that allow native pastures to
survive over summer may include deep roots, desiccation tolerance and an earlier
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reduction in stomatal conductance, however, with exception of Bolger et al. (2005), few
comparative studies have been made.

Herbage production and survival of some native perennial grasses has been examined
by Sandral et al. (2005). This has not, however, occurred in conjunction with water use
which has only been studied in a few native species namely Austrodanthonia spp.
(Sandral et al. 2006) and Themeda triandra (Dunin and Reyenga 1978). The potential
water use of other species so far has been assumed based on growth habit which has not
been widely examined either. Prediction of the potential for various native grasses to
reduce deep drainage is currently limited by a lack of knowledge regarding both native
grass above and below-ground growth habit and water use. Advances in our
understanding of their potential impact will only occur by examining a wider range of
species for these characteristics.

1.6.4 Root depth and distribution
The generalised model for plant root distribution and water uptake presented by Gardner
(1983) suggests that the bottom 20% of a plants’ root system contributes little to total
water uptake, yet deep roots may be extremely important for water supply (Canadell et
al. 1996) and survival. The functional significance of deeper roots in high rainfall
pasture regions has not been well established though in regions such as the Amazonian
rainforests (Nepstad et al. 1994) and cropping zones (Gregory et al. 1978), deep roots
have been shown to draw comparatively large volumes of soil water for their relative
root mass. In arid environments, the extraction of water deeper in the soil profile
enables plant stomata to remain open for longer, extending growth into the dry seasons
(Canadell et al. 1996) and assisting survival. It has been argued that deep roots in the
HRZ are also very important in the capture of water as it moves deeper in the soil
profile (Harradine and Whalley 1981; Cransberg and McFarlane 1994) allowing plants
to grow for longer. Common soil factors such as duplex and shallow soils could limit
this function (Andrew et al. 2003).

Rooting depth and distribution differs between plant types, between species and within
species. Sandral et al. (2006) and Virgona and Southwell (2006) both found that few
differences could be detected in the water use of grass species in the upper portion of
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the soil profile however, below approximately 70 to 90 cm, species effects became
evident. It could be hypothesised that differences were due to rooting depth though
rooting characteristics were not measured in either study.

Deeper root distributions and maximum root depths are considered key factors
explaining greater water use by perennials compared to annuals (Crawford and
MacFarlane 1995; Passioura 1999; Singh et al. 2003; White et al. 2003). Figure 1-3
illustrates the difference in rooting patterns between annual grasses and perennial
bunchgrasses (tussocks) in a grassland in California (Holmes and Rice 1996). It is
evident that the roots of the annual treatment are concentrated closer to the surface
compared to perennial systems.

Figure 1-3 Root maps for a stand of exotic annuals (B. distachyon and T. hirtum) and a
stand of the native perennial bunchgrass, Nassella pulchra, at California. Points
represent the cut surfaces of individual roots (Holmes and Rice 1996).

A study investigating the maximum root depths of vegetation types around the world
found that the maximum root depth of temperate grasslands were relatively similar and
shallow at approximately 2.6 m (+/- 0.2 m, Canadell et al. 1996). The distribution of
grass roots varies with functional type. Jackson et al. (1996) found that temperate
grassland species (C3) had shallower root systems with 83% of roots in upper 30 cm of
soil profile compared to 57% for tropical grassland species (C4). Grasses of the C3 and
C4 photosynthetic pathway tend to predominate in temperate and tropical regions
respectively (Williams 1974). Given the positive relationship between plant roots and
soil water extraction (Passioura 1983) grass functional type could potentially impact on
water use.
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Whilst it is commonly thought that native grass species are deep-rooted, little evidence
exists (Bolger et al. 2005) and the data available is not conclusive. Harradine and
Whalley (1981) reported Austrodanthonia linkii (C3) to be a shallow-rooted species with
an average of 9 roots (>0.25 mm diameter) recorded at the deepest measured depth of
80 cm compared to 20 in Aristida ramosa. In contrast, Aristida ramosa (C4) develops a
deeper, more extensive root system (reported in excess of 1 m depth) with fewer roots
concentrated near the surface. Only 19 roots (>0.25 mm diameter) were recorded in the
upper 10 cm of soil compared to 57 in Austrodanthonia linkii (Harradine and Whalley
1981). Dunin and Reyenga (1978) found that the ‘effective’ root depth of a Themeda
triandra (C4) pasture in southern NSW to be approximately only 78 cm (Dunin and
Reyenga 1978), however, root depth was likely to be limited by high soil bulk densities
in this study. On a red chromosol soil at Barraba in northern NSW, Murphy and Lodge
(2006) observed roots to a depth of 173 cm for a Bothriochloa macra (C4) dominant
pasture with soil water extraction reported to 189 cm.

Clarification of the role of deep roots in the shallow, stony, duplex soils of the HRZ
landscape needs to occur to determine if deeper rooted native species should be targeted
by management for increasing water use. However, this will only be useful if this
coincides with research into root depth and seasonality in native species.

1.7

The impact of perennial grass abundance on water use in native
perennial pastures

Abundance refers to the overall amount of perennial grasses within a given area of
pasture. This broad term is preferred as it can encompass both the frequency and size of
plants within that area. The need to enhance the abundance of perennials in pastures to
reduce deep drainage has been recognised widely (Clifton and Schroder 1996; Virgona
et al. 2002; Johnston et al. 2004). Describing the relationship between perennial grass
abundance and soil water use is necessary in order to assess at what threshold
abundance levels an ‘adequate’ level of recharge reduction is being achieved.
Threshold abundance levels are expected to be dynamic and dependant on species, the
surrounding environment and season yet indicator levels are important to assist
managers determine when ‘restoration’ management activities can cease and
‘sustainable production’ activities can begin.
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Kemp et al. (2000) highlighted perennial grass content as a primary indicator for
sustainability suggesting that a composition of >60% perennial grass would indicate that
“management tactics were controlling the groundwater recharge and nitrate leaching
at a sustainable level.” This has not been tested experimentally. Taylor and Clifton
(1993) state that stable densities of 8-12 plants m-2 for phalaris and 15-20 plants m-2 for
cocksfoot are adequate in the 400-600 mm rainfall zone to be capable of transpiring
large quantities of soil water but offer no justification for these figures or indication of
what size individual plants need to be.

Prior to setting threshold abundance levels, it must first be determined whether
increasing abundance is likely to increase water use. Virgona (2003) examined soil
water content beneath lucerne to a depth of 180 cm and found a sigmoidal relationship
between population density and the change in soil moisture in summer, both in the
upper and lower parts of the soil profile (Figure 1-4). Changes in soil moisture
plateaued at approximately 12 plants m-2 with treatments of <5 plants m-2 possessing
soil moisture levels similar to that of a fallow (Virgona 2003). Competition from other
species was also kept to a minimum in this study and lucerne has limited ability to
increase basal area. This study showed that only within a certain range does increasing
abundance increase soil water use.

Figure 1-4 Relationship between the change in soil moisture content between 24/110/3/98 and lucerne density (Virgona 2003). Lines represent regressions. The arrow
point to one plot omitted from the regression analysis, as it was much drier than all
other plots at the commencement of the drying cycle.
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Figure 1-4 can be sectioned into 3 abundance/density phases. Between 0 and 5 plants
m-2, plants possess too little LAI to extract all the available soil water in the soil during
the growing season. ES is a major component of ET and any change in plant density
within this range is unlikely to have an appreciable impact on soil water.
Between approximately 5 to 12 plants m-2, density positively impacts on soil water use
due to increases in LAI (as shown in Figure 2-2). Above 12 lucerne plants m-2, Virgona
(2003) found no increase in the change of soil water with increased plant density.
Murphy (2002) found that whilst the rate of ET was greater in more dense plantings of
Austrodanthonia spp. the level of stored soil water at the end of summer was much the
same. As soils dry, ET becomes less determined by atmospheric conditions and more
determined by the availability of soil moisture. Differences in ET are most likely limited
by the extent of the plant’s root zone as higher density treatments utilise soil water
earlier giving lower density canopies the opportunity to “catch up” prior to autumn rain.

In both of the experiments above, monocultures were studied. In HRZ native pastures,
an increase in abundance of perennial grasses would be associated with the
displacement of annual plants of shorter lifespan and potentially rooting depth.
Increases in abundance are likely to follow similar patterns to monocultures though
abundance levels required are likely to be less than what is necessary in monocultures
due to the addition of LAI from the annual population. Whether water use will increase
with increased perennial grass abundance is likely to depend on the relative water use
ability of the perennial compared to other pasture components and the initial abundance
levels of the perennial.

The abundance of grass species in a sward can also be enhanced by increasing
individual plant size (basal area). Dunin et al. (1999) noted whilst observing the soil
water dynamics of a wheat crop that differences in plant density only produced minor
treatment differences in the cumulative growing season evapotranspiration (ET). Though
some densities were most likely within the secondary phase of Figure 2-4, wheat’s
ability to increase plant size through tillering (increasing LAI) in lower density
treatments most likely reduced the impact of density on water use.

The ability of some grass species to increase basal area makes the use of plant density as
a measure of abundance, arbitrary. Austrodanthonia spp, like annual crops and lucerne,
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has only limited ability to increase basal area (Dear et al. 2007) whereas other species
can increase considerably (e.g. spinifex, Bell 1981).

Abundance in terms of plant size is also more difficult to manage due to the adjustment
of population structures. Firbank and Watkinson (1990) observed that “at high density
the mean size of surviving plants is reduced, the probability of survival is reduced and
the size structure of the population is altered”. Thus, as plants increase in size,
competitive forces reduced plant numbers. This was observed by Nobel (1981) in the
study of clump size in desert grasses where extreme soil moisture competition is
experienced. A strong relationship (r2 = 0.78, P< 0.0005) was found between the
distance to the nearest neighbour and the number of culms possessed by the plant.
Despite this, all clumps transpired similar levels of soil moisture per area of soil
occupied (Nobel 1981). The relationship between the number of individual plants and
plant size was found to be a negative power relationship by Bell (1981, r = 0.84) and is
commonly referred to as the - 3⁄2 power rule (Sackville Hamilton et al. 1995). One
might speculate that larger clumps in desert environments may have a competitive
advantage. Nobel (1981) reported that leaf area per unit ground area was greater on
larger clumps compared to smaller clumps suggesting that when rainfall did occur (no
such event was reported), larger leaf areas could potentially capture light more rapidly
for photosynthesis and growth increasing both shoot and root size and distribution.

Little is known about the influence of increased density on the growth habit of perennial
grasses. In an agroforestry experiment, Eastham and Rose (1990) found that the
proportion of roots per tree (Eucalyptus grandis) reduced when planted at higher
densities with tree roots located deeper and more densely compared to lower planting
densities. The soil beneath higher density plantations was also dryer than lower density
plantations (Eastham et al. 1990). The annual grass Bromus diandrus and the perennial
bunchgrass Nassella pulchra were grown at varying densities by Holmes and Rice
(1996) to compare shoot and root responses. Whilst deep root biomass increased with
increasing planting density for the perennial grass, it declined for the annual (Holmes
and Rice 1996). Vegetative dry weights did not differ significantly between planting
densities for either species.
The impact of perennial grass abundance on water use is complex, most likely
community and species specific and strongly related to management and location.
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Investigations into the relationship between abundance and water use for individual
species need to be carried out in combination with annual species and under various
management conditions to better understand and gauge threshold levels.

1.8

Management factors affecting water use in native perennial
pastures

Management has both direct and indirect effects on water use and attempts to maximise
pasture water use directly through management have often led to changes in botanical
composition, indirectly affecting water use. For example, Hughes et al. (2006) found
that tactical grazing of unfertilised pastures maximised soil water deficits and
significantly increased C4 perennial grass herbage mass, increasing GLAI. This
treatment also resulted in a change in botanical composition with the basal area of C4
native perennial grasses increasing to almost twice that of other treatments (Hughes
pers. comm.).

1.8.1 Direct effects
The direct effect of both grazing management and increased fertility on soil water use is
through a change in the accumulation of green leaf area (Virgona and Southwell 2006)
influencing the partitioning of the water balance, particularly evapotranspiration
(Murphy et al. 2004) and run-off (Hughes et al. 2006). The direct response of increased
fertility on water use through increased green leaf production has been discussed
previously.

The grazing pattern employed (e.g. continuous, rotational or strategic grazing) has had
only a minimal impact on water use (Andrew et al. 2003; Chapman et al. 2003; Lodge
et al. 2003; Bird et al. 2004). Conversely, in a trial comparing the water use of
Austrodanthonia spp. and phalaris, Virgona and Southwell (2006) found that pastures
grazed every 5-8 weeks were at least 22 mm drier than those grazed every 2 weeks.
This was confined to the upper 90 cm of the soil profile and there was no significant
species interaction at this depth. A greater accumulation of LAI in the longer grazing
interval treatments was thought to be the reason for increased water use.
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Grazing reduces plant leaf area which can affect photosynthetic capacity and plant
carbon supply. This can in turn affect shoot and root growth, root respiration and
nutrient uptake (Richards 1993). Roots are more sensitive to defoliation than shoots
(Harradine and Whalley 1981) as carbon and nutrients are re-allocated to the shoots
following grazing to increase relative growth rates, depleting root reserves (Richards
1993). In a study comparing root characteristics of two grass species, it was shown that
clipping led to a reduction in root density and the concentration of roots in the top 10
cm of the soil profile (Harradine and Whalley 1981). It is not known how grazing
affects the finer root characteristics involved with water uptake such as specific root
length, radii, axial resistance, suberisation and turnover rate. In addition, it is not
known if root responses to grazing vary between native species.

1.8.2 Indirect effects
Native grasses have evolved under conditions of frequent drought, low fertility, low
grazing pressure and high fire frequency (Lodge 1994). Consequently, changes to these
conditions through fertiliser application and intensive grazing have reduced the capacity
of native pastures to out-compete invading Mediterranean annuals. Many of these
annual species are better adapted to disturbed environments (Michael 1970) and
utilisation of soil moisture in spring affects the abundance and survival of particularly
summer-active species. Selective grazing of summer active perennials over summer
also impacts on survival (Wolfe and Dear 2001).

Grazing management was found to have a larger impact on pasture composition than the
use of lime or phosphorus by Belesky et al. (2002). Generally, native grasses have low
grazing tolerance (Lodge et al. 1999). Lodge and Whalley (1989) outlined the expected
response to grazing for a range of commonly found native perennials and annual species
for the northern tablelands of New South Wales based on a mixture of references and
the authors’ own experiences. Generally, C3 species were productive under grazing
whilst many warm-season (C4) perennials reduced growth. Many exceptions exist, for
example, some varieties of Austrodanthonia spp. were grazing sensitive and
Bothriochloa macra and Chloris truncata were thought to increase growth with grazing
(Lodge and Whalley 1989).
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Australian native grasses are primarily adapted to low nutrient levels rather than to
aridity and drought (Beadle 1966; Bolger et al. 2005) and the response to increased soil
fertility is much less for these grasses compared to introduced species (Badgery et al.
2005). Further, the response of C4 grasses to increased fertility is less than that of C3
grasses (Moodie 1934; Simpson and Robinson 1967; Badgery et al. 2005). Commonly,
increases in production from fertiliser application are a result of annual species in the
sward and can result in reduced basal area of the native species (Hill et al. 2004) due to
increased competition for nutrients and water.

The differential responses of grasses to grazing and fertility described above can and
have been used to alter pasture botanical composition (Moore 1970; Lodge and Whalley
1985; Christensen and Burrows 1986; Lodge and Whalley 1989; Johnston 1996). For
example, the C4 perennial grass, Themeda triandra persists poorly under grazing
(Robinson and Archer 1988) while low intensity grazing, 12 month rests and hay
making have been found to promote the species (Fynn and O'Connor 2000; Garden et
al. 2000b). Reduced fertility, coupled with grazing rests also increases the
competitiveness and therefore abundance of other C4 grasses (Badgery et al. 2005;
Hughes et al. 2006). Microlaena stipoides and Austrodanthonia spp. are considered the
most tolerant of grazing among the native species (Garden et al. 2000b) and respond to
fertiliser (Archer and Robinson 1988). Rests over summer do however benefit these
perennials by reducing competition from Vulpia spp. (Kemp et al. 1996).

The successful manipulation of pasture composition requires the coincidence of
seasonal, soil and botanical factors along with the managers knowledge and
understanding of the species being targeted (Kemp et al. 1996). This knowledge is
often lacking, limiting a managers ability to capitalise on the opportunities when these
factors converge (Garden et al. 2000a). The capacity to change pasture composition also
depends on the original composition and the degree of disturbance already within the
pasture (Garden et al. 2000b). Further research into individual responses of species to
management practices will enable managers to better understand and influence botanical
composition. Though the relationship between management and native pasture
botanical composition has received much attention, none have yet attempted to quantify
the impact of this botanical change on the water balance.
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1.9

Predicting the scale of change necessary to make management
worthwhile

The impact of increasing native perennial grass abundance on the water balance is likely
to appear minor at the plot (1 dimensional) scale as typified by Figure 1-1. Catchments
are spatially variable in, for example, slope, aspect, management, soils. The scale of the
response at any one point is therefore likely to vary with position in the landscape. To
capture the range of responses across the landscape, a two dimensional approach is
therefore required. However, to fully appreciate the impact of botanical change on
hydrology in terms of salt export and fresh water flows, it must be explored at the
catchment (3 dimensional) scale which incorporates landscape factors such as
topography and underlying geologies.

With improved understanding of catchment hydrology, the focus of dryland salinity
management has shifted over the last five years from that of recharge prevention in high
rainfall zones (Clifton and Schroder 1996; Passioura and Ridley 1998; Scott et al.
2000b; White et al. 2003) to balancing recharge with freshwater flows (Dunin and
Passioura 2006) increasing the complexity of the problem. Interest in the role of
perennial pastures has increased as it has been recognised that to achieve the above
hydrological balance the introduction of trees must be targeted (Dunin and Passioura
2006). The ubiquitous nature of recharge however, means that treatment still needs to
be widespread to be effective (Clarke et al. 2002; Pannell et al. 2004). Dunin and
Passioura (2006) pose the question, “What is acceptable deep drainage?”. Ultimately
the trade-off between salt export, salinity expansion and the supply of freshwater will be
complex, catchment specific and possibly determined by authorities with only a basic
understanding of catchment hydrological processes.

The dynamics of botanical composition are highly complex and not yet fully understood
in terms of its processes or impact on soil water. Given the importance of botanical
composition for water use, modelling offers a means of managing this complexity and
viewing potential outcomes at a conceivable scale. Modelling can assist in determining
what level of change in perennial abundance is necessary for an appreciable impact to
be made on deep drainage or more relevantly, salt output and water flows from the
catchment. The issue of abundance has been raised previously (Cransberg and
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McFarlane 1994; Kemp and Dowling 2000; Virgona et al. 2002) though no attempt has
been made to find an answer given its scale.

The use of modelling as a decision support tool in natural resource management is
increasing rapidly, particularly for catchment hydrology (CRC Catchment Hydrology
2005). Modelling extends the range of climatic conditions, management options and
other site variables that can be investigated by field experimentation thereby increasing
its value (Cresswell et al. 2002). This allows an evaluation of proposed management
changes and likely impacts on water balance prior to implementation.

Silberstein

(2006) warns that these models could deliver major inaccuracies when they are used to
extrapolate beyond the known data boundaries for which they were created. It is
therefore important that models be appraised against field data to provide certainty over
the output.

The choice of model used is dependent on the objectives of the overall exercise and
ideally the simplest model to achieve the required task should be chosen. For example,
an increase in model scale is also likely to increase model complexity and there must be
a purpose for increasing complexity to this scale. In reality, limitations with respect to
access to data, access to expertise and the availability of resources in the form of time
and money must also be considered (CRC Catchment Hydrology 2005).

Figure 1-5 demonstrates that additional complexity does not necessarily coincide with
increased accuracy. As complexity increases in Figure 1-5A the proportion of error
associated with model structure decreases and the amount associated with parameter
estimation increases. Provided models are structurally sound, it is possible to find a
level of complexity where total error is minimised and the contribution of error sources
equal. If the structure of a model is flawed Figure 1-5B, an increase in parameters will
only increase uncertainty (Silberstein 2006). Models must be rigorously tested to
ensure that output is both accurate to the observed data but also sensible with reality.
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Figure 1-5 Notional components of model prediction error. (A) a structurally “sound”
model where prediction error is minimised with the optimum combination of
parameters and complexity. (B) A structurally “unsound” model with a higher
prediction error level that does not reduce as complexity is increased (Silberstein
2006).

Many one dimensional models are available for the modelling of plant growth and
hydrology. Most relevant to native pasture modelling are GrassGro (Moore et al.
1997), the SGS pasture model (Johnson et al. 2003), GRASP (Littleboy and McKeon
1997), however, none of these models have produced validated parameters sets for
native pastures in temperate Australia. To date, a parameter set for Bothriochloa macra
has been developed for version 2.4 of GrassGro (Salmon et al. 2003) though no
publications have emerged for peer review. The SGS pasture model (Johnson et al.
2003) has been developed as an interactive tool for simulating a range of pastures
including generic native pasture types (in the form of C3 and C4 grasses). It has been
developed to allow interrogation of system interactions by researchers and thus most
parameters are user-defined. This flexibility limits its repeatability and use for
extensive prediction of individual species impact on water use. Though Johnson et al.
(2003) outlines the model’s construction, no validation of its structure has been
published.

The dynamics of abundance has been modelled poorly in pasture models though some
attempt to simulate changes in basal area were made in the tropical pasture model
GRASP (Littleboy and McKeon 1997). The ability to simulate changes in abundance
over time is necessary if long-term simulations are to have any accuracy and if
predictions of the impact of botanical composition are to have any relevance.
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It has been clearly shown that the partitioning of the water balance is strongly associated
with topography (Petheram et al. 2002). This topographical variation cannot be
captured by the above-mentioned native pasture models as they have been constructed
to simulate only one dimension. Dunin and others (Dunin et al. 1999; Dunin and
Passioura 2006; in Dunin et al. 2006) have argued that native perennial grasses have an
additional benefit in partitioning more rainfall to run-off thus improving both fresh
water flows and the reduction of recharge. This needs to be substantiated further as
small increases in run-off could result in substantial increases from the catchment.

1.10 Conclusion
The elevation of perennial abundance levels in native pastures offers one of the few
economically feasible options for the management of dryland salinity that balances both
recharge and run off in the non-arable landscape of the high rainfall zone in south
eastern Australia. Managing the botanical composition of native pastures for increased
water use is now widely recommended though a demonstrated relationship between
native pasture composition and water use is still lacking. Neither the extent of botanical
change nor its impact on hydrology has so far been quantified.

Before deliberate management of pasture composition for increased water use can take
place, it must first be determined which species and what abundance levels should be
targeted. Water use studies (both at the paddock scale and in planted experiments) have
generated some information on a limited number of native species and pastures.
However, a statistically robust method for comparing native pastures with clear
application to their environment still needs to be found.

Green leaf area index (GLAI), summer activity and rooting depth and distribution have
been recognised as plant attributes likely to influence soil water use of the species. The
relative importance of these attributes when identifying native grass species valuable for
increasing water use is unclear and greater investigation of these attributes in native
grasses is required.
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Describing the relationship between perennial grass abundance and water use is
necessary to direct management. Though estimates have been made previously, they
have been largely non-specific and unfounded. Exploring the impact of both abundance
and species on catchment processes is likely to better determine what level of botanical
change is necessary for improved catchment hydrology.

Management has a direct effect on water use through GLAI accumulation and root
development. However, most examples of direct management effects on pasture water
use have also resulted in indirect effects on botanical composition through changes in
the type and abundance of species within the sward.

The issue of dryland salinity management and the influence of botanical composition on
water use are both highly complex. The development of decision support tools offers a
means for better understanding their interaction. The application of these models at the
catchment scale will assist in determining the value of improvements in water use by
management over time and variable topographies. To date, no validated temperate
pasture model has been constructed to simulate pasture dynamics of native pastures or
to simulate their hydrological impact on the broader scale.
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Chapter 2. Methods
All activities undertaken in this project were carried out across two experimental
locations within the Murrumbidgee catchment in New South Wales. These have been
referred to throughout this thesis as the “Density” experiment located at Wagga Wagga,
and the “Farm” experiment located near Bookham (Figure 2-1). The purpose of this
chapter is to outline the location and design of both field experiments and to describe
some of their geologic, hydraulic, topographic and edaphic features. To reduce
duplication, methodologies common to more than one of the following chapters have
been described. Those methodologies used in only one chapter are described in the
relevant chapter.

Density field
experiment

Farm field
experiment

Figure 2-1 The Murrumbidgee Catchment. The ‘Density’ field site was located at the Charles
Sturt University farm at Wagga Wagga (35° 03' 00.14" S, 147° 20' 46.23" E) and the ‘Farm’ field
experiment near Bookham 35 km west of Yass (34° 52' 34" S, 147° 22' 39" E).

2.1

The Field experiments

2.1.1 The Farm experiment (Chapter 4)
The Farm experiment was conducted at three locations near Bookham in southern New
South Wales. Pasture types differed at each location and sites were therefore named the
‘C3 pasture’, the ‘C3/C4 pasture’ and the ‘C4 pasture’ respectively in accordance with the
photosynthetic pathway (number of carbon atoms in the first product of photosynthesis)
possessed by dominant perennial grasses located at each site. The C3 pasture was
comprised mostly of Austrodanthonia spp. and Microlaena stipoides, the C3/C4 pasture
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Austrodanthonia spp., Microlaena stipoides and Bothriochloa macra, and the C4 pasture
almost entirely Themeda triandra. At all locations, some annual species were also
present and these have been described in Section 4.3.2.
The distance between the furthest pastures was 4.5 km. All field sites were located on a
western aspect and on similar parts of the hill slope. Soils at all three sites have been
identified as Chromosols (Isbell 1996, Table 2-1) and the underlying geology ryolite
(Appendix 1).
Bookham is situated at the top of the Jugiong catchment for the Murrumbidgee River
where the topography is rolling to hilly. According to the National Catchment
Classification (Coram 1998), the field sites were most likely situated over intermediate
groundwater systems with an overlying shallow (< 6 m) localised groundwater system
within the weathered ryolite. The local groundwater system would be strongly
influenced by topography and land uses (Mitchell, M. personal communication, August
12, 2005).
The average annual rainfall for the region surrounding the Farm experiment was
approximately 775 mm calculated from long term (50 years) manual rain gauge
recordings from surrounding farm residents. Average daily maximum temperatures
range from 11.5 oC in winter to 29.3 oC in summer according to the nearest Bureau of
Meteorology station located approximately 20 km south of the field sites (QDNRM
2000).

2.1.2 Design of Farm field sites
At each field site, eight 4 x 4 m plots were marked in two rows running horizontal to the
slope (Figure 2-2). Four of these plots were randomly chosen, sprayed with glyphosate
(7 ml L-1) herbicide and lightly tilled to remove perennial grasses. Italian ryegrass
(Lolium multiflorum, “Winter star”) was sown into the plots at a rate of 2.2 g m-2
equating to approximately 1000 seeds m-2. The other four plots were left in the original
native pasture state and the entire area fenced off in a manner that allowed both ends to
be opened for grazing with the rest of the paddock once ryegrass was established.
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Figure 2-2 The design of native pasture field sites (Chapter 4), Bookham, New South Wales. The
major perennial species present at the field sites are Austrodanthonia spp. and Microlaena stipoides
(C3 pasture); Austrodanthonia spp., Microlaena stipoides and Bothriochloa macra (C3/C4 pasture)
and Themeda triandra (C4 pasture). The numbers located in the bottom-left courner of each plot
represent its designated plot number.

2.1.3 The Density experiment (Chapters 5 and 6)
The Density experiment was located on the Charles Sturt University farm at Wagga
Wagga. The topography of the area is generally low to rolling hills. The average
annual rainfall is 585 mm and the maximum daily temperatures for each month range
from 12oC in winter to 31oC in summer (QDNRM 2000). The region supports a wide
variety of farming enterprises including broad acre grain production and extensive
grazing.
The underlying parent material at the field site was aeolian and the soil identified as a
red Kandosol (Table 2-1). The groundwater flow systems in the area were generally
considered to be intermediate (Coram 1998).
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2.1.4 Design of the Density experiment
The Density field site consisted of a total of 40 plots each 9 m2 in size. Two perennial
grass species, Bothriochloa macra and Austrodanthonia spp., were collected from a
travelling stock reserve 5 kilometres east of the experiment (35° 03' 44" S, 147° 20' 46"
E). Species Bothriochloa macra (C4) and Austrodanthonia spp. (C3) were chosen for
their physiological differences and their common occurrence in south-eastern Australia.
Though representing different photosynthetic pathways, it is recognised that other
species within these groupings will vary greatly in their potential water use.
Austrodanthonia spp. populations were dominated by a mixture of A. eriantha, A.
caespitosa and A. setacea with lower frequencies of A. fulva and A. auriculata.
Single plants with bases of 6-10 cm diameter were removed as intact soil cores with a
height and diameter of 100 mm. During the collection process (July to October 2003),
the grasses were kept in a green house then transplanted throughout December into the
experimental plots at planting densities of 4, 9, 16 and 25 plants m-2. Each treatment
was replicated four times and Mulch and Italian ryegrass (Lolium multiflorum, “Winter
star”) included as controls in each replicate to give a total of ten treatments (Figure 2-3).
Annual ryegrass (Lolium rigidium) is a common invading annual weed in high rainfall
pastures (Lodge 2001) and is widely used in water use experiments (Dunin and Downs
1962; Ridley et al. 1997). In comparison to other species, annual ryegrass is generally
considered (though it has not been widely examined) to have very aggressive growth
and rooting habit (e.g. Cunningham et al. 1992). Smith et al. (1972) discovered for
annual ryegrass (Lolium rigidium Gaud.) that growth rates were similar to Vulpia
myuros (common name ‘rat’s tail fescue’, a prominent annual grass weed in the high to
medium rainfall zone of south-eastern Australia) initially after germination but had
approximately twice the growth rate of the species two months later. Ridley and
Simpson (1994) found that annual ryegrass had similar growth rates to phalaris in spring
and reached similar rooting depths on a duplex red soil at Rutherglen in Victoria.
Annual ryegrass was therefore expected to have a greater capacity for water use
compared to other annual species.
Italian ryegrass (Lolium multiflorum, “Winter star”) was used as a control at all sites and
native pastures has been discussed in terms of the soil water deficit difference
(SWDDIFF) between the ryegrass and native pastures at each site. Italian ryegrass was
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used because high quality seed was readily available. The variety of Italian ryegrass
used in this study senesced completely at both field experiment locations every summer,
verifying the assumption that the treatment would act sufficiently as an annual control
in the environments tested.

2.2

Soil profile descriptions

At each field site the soil profile was classified using the Australian soil classification
(McDonald et al. 1990; Isbell 1996). Physical descriptions of the soils for each location
are shown in Table 2-1. Prior to the establishment of the field sites, samples from 0 to
10 cm and 10 to 30 cm soil layers were collected and standard soil chemical analyses
conducted (pH, % Al, P, K, S, Ca:Mg and CEC; Table 2-2). At the Density experiment,
some slaking was observed between 90 and 110 cm suggesting that the soil was poorly
drained and slightly sodic at this depth. The calcium to magnesium (Ca:Mg) ratio in the
90 to 110 cm layer was 0.9 (Table 2-2) supporting this observation.

2.3

Installation of access tubes, calibration and measurement of soil
moisture using the neutron moisture meter

The neutron moisture meter was used as the main source of soil moisture data for both
experiments. The installation, calibration and measurement techniques when using the
neutron moisture meter were similar between the two field experiments with differences
pointed out below. Much of the methodology that follows was developed by Greacen et
al. (1981).
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Figure 2-3 The design of the Density experiment (Chapters 5 and 6), Wagga Wagga, NSW. Numbers in each box indicate the planted density of each species (plants m-2)

Position of NMM
calibration tubes

25

25

9

16

41 m

10- 150 cm
*
Medium to heavy clay
7.5YR 7/6 mottles
*
*
*
*
*
*

B horizon depth
Boundary
B horizon field texture
B horizon colour
B horizon structure
C horizon depth
Boundary
C horizon field texture
C horizon colour
C horizon structure
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* not recorded

Chromosol
West
7%
Mid slope
Low hills
Rhyolite
Imperfectly drained
0 - 10 cm
Clear
Sandy clay loam
10YR 5/4
*

Farm experiment
C3 pasture

Australian Soil
Classification
Aspect
Slope %
Morphological type
Landform pattern type
Parent Material
Drainage
A horizon depth
Boundary
A horizon field texture
A horizon colour
A structure

Soil physical properties

Table 2-1 Physical soil description of field sites (Chapters 4 to 6)

25 - 90 cm
*
Medium to heavy clay
10YR 5/2 mottles
*
*
*
*
*
*

Chromosol
West
12%
Mid to Lower slope
Low hills
Rhyolite
Imperfectly drained
0 - 25 cm
Clear
Silty clay loam
10YR 7/2
*

Farm experiment
C3/C4 pasture

35-100cm
*
Clay loam sandy
10YR 8/4 mottles
*
*
*
*
*
*

Chromosol
West
6%
Lower slope
Low hills
Rhyolite
Imperfectly drained
0 - 35 cm
Clear
Sandy clay loam
2.5Y 6/3 mottles (A2)
*

Farm experiment
C4 pasture

Red Kandosol
West
5%
Flat - lower slope
Low hills
Aeolian (Parna)
Moderately well drained
0 - 15 cm
gradual
Clay loam - light clay
5 YR 4/6
*
15 - 70 cm (B1)
70 –120 (B2)
gradual
Medium clay
10YR 5/6
*
120 - 200 cm
*
Heavy clay
2.5 Y 6/3 mottles
*

Density experiment
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* not recorded
^ potential problems with soil structure

0 - 10cm
pH (0-10cm) CaCl2
% Aluminium (0 - 10 cm)
Phosphorus Colwell (mg kg-1)
Potassium Colwell (mg kg-1)
Sulfur (mg kg-1)
10 - 30 cm
pH (0-10cm) CaCl2
% Exch. Aluminium (0 - 10 cm)
Ca:Mg ratio
90 – 110 cm
Ca:Mg

Soil chemical properties

4.6
12.0 D
1.7^
*

4
50.8 D
3.3
*

below optimum for plant growth
B
adequate for plant growth

A

4.5
11.5 D
13 A
188 B
4.7 A

Farm experiment
C3/C4 pasture

4.2
27.6 D
31 B
119 A
10.8 B

Farm experiment
C3 pasture

*

0.9^

5.4
0.4
2.8

5
0.76
34 B
340 B
6.2 A

Density experiment

potential limitations on plant growth
D
plant toxicity highly likely

C

4.9
3.67 C
2.6

4.7
4.7 C
10 A
240 B
3.8 A

Farm experiment
C4 pasture

Table 2-2 Chemical soil description of field sites (Chapters 4 to 6) with interpretations based on Reid and Dirou (2004)
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2.3.1 Installation and measurement
2.3.1.1 Density experiment (Chapters 5 and 6)
In August 2003, neutron moisture meter access tubes were installed into the centre of
each plot of the Density experiment (Figure 2.3). Plot size was deemed adequate as
tubes were installed into the centre of each plot (minimising edge effects) and the region
of influence is generally accepted to be only 150 cm (Greacen 1981). These tubes were
50 mm in diameter, made of 1.6 mm thick aluminium and sealed at the bottom. To
install tubes a tractor-driven hydraulic soil coring device was used to core a 50 mm hole
to a depth of 180 to 200 mm. Tubes were bedded with a mud and kaolinite slurry
(Greacen 1981) used around sides, though gaps were minimal.
A plastic cap sealed the top of each tube when not in use. An additional five tubes were
installed on both the northern and southern sides of the experimental area (Figure 2-4)
for calibration. Neutron moisture count rates were collected at depths 15, 30, 45, 60,
75, 90, 120, 150, 180 and 200 cm. A shield was not used to cover soil around tube
when measuring at 15 cm to avoid these potential inaccuracies. Despite this, a high
coefficient of determination was recorded during calibration for this soil layer (r2 =
0.987; Figure 2-4) leading to the assumption that soil moisture content was sufficiently
accurate for this type of study.
Once neutron data was collected, the neutron moisture meter was placed over an access
tube installed in a drum of water and neutron counts in a standard medium (water)
recorded. The observed count rates were then divided by the standardised count rate of
the water resulting in a count ratio (Equation 2-1). When expressed as a count ratio,
measurement bias as a result of instrument drift (e.g. due to decay of the neutron source
and season) was removed.
n = c/w
Equation 2-1 Calculation of count ratio as per Greacen (1981) where n is the count ratio, c is the
observed count rate and w is the count rate in water.
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2.3.1.2 Farm experiment (Chapter 4)
An all terrain (four wheel) motor bike with hydraulic coring device mounted at the rear
(Giddings Equipment, USA) was used for coring holes for neutron moisture meter
access tubes. As soil depth varied markedly across and between sites, tubes were
inserted to the maximum depth that the coring device could achieve. All other aspects
of the neutron moisture meter access tube installation process were conducted the same
as for the Density experiment above. Neutron moisture measurements were taken at the
same depth intervals as in the Density experiment down to the maximum depth
achieved when coring. The maximum depth measured therefore varied both between
field sites and within field sites depending on position on the slope, ranging from 75 cm
to a maximum depth of 150 cm. Six calibration tubes were installed at each site, two on
each side of the experimental area and two below (Figure 2-2). No tubes were placed
above the field site as the soil disturbance could have interfered with the soil hydrology
of the experimental area.

2.3.2 Neutron moisture meter calibration
2.3.2.1 Density experiment
The calibration of the neutron moisture meter was carried out on two separate occasions
to ensure calibration in both dry and wet soils. Five of the ten calibration tubes were
randomly selected for dry soil calibration in February 2004 with the rest of the tubes
kept until September 2004 for wet soil calibration (see Figure 2-3). Each tube was
measured four to five times using the neutron moisture meter at each of the designated
soil depths and the average count converted to count ratio (Equation 2-1). Access tubes
were then removed and 900 cm diameter auger used to excavate over the centre of each
neutron moisture meter access tube position. At each depth, loose soil was removed
from the hole and four soil samples were collected, two for measuring gravimetric soil
moisture and two for measuring bulk density. To ensure that samples were within the
measurement region of the NMM, samples were collected from undisturbed areas less
than 15 cm from the hole left by the calibration tube.
To calculate gravimetric soil moisture, samples were placed in aluminium lined bags,
weighed immediately, placed in an oven at 105 oC for 72 hours and then re-weighed.
Bulk density samples were collected more carefully in 50 mm diameter by 50 mm long
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stainless steel cores to prevent compaction. The cores were then placed in a plastic bag;
ends protected with wooden blocks and bagged a second time (Cresswell and Hamilton
2002). These were then stored in a cool-room for 1 to 2 days until the cores could be
prepared for bulk density measurements (Section 2.3.3). Gravimetric measurements
and bulk density were used to calculate volumetric soil moisture content (Equation 2-2).

θ = [(Mw-Md)/Md]. ρb
Equation 2-2 Volumetric soil moisture content (θ, g cm-3) where Mw = Mass of soil (g), Md = Mass of
soil dried at 105oC for 72 hours (g), ρb = bulk density of soil at depth of sampling.

Volumetric soil moisture measurements were regressed with the average count ratio
(Equation 2-1) for each soil layer in each tube. Regression curves were then plotted for
each designated soil depth and coefficients of determination (r2) calculated. Where
possible, individual soil layers were left separate, however in deeper layers differences
in wet and dry measurements were small, preventing strong relationships from being
apparent. Soil layers were then bulked together provided that the individual regression
curves did not differ markedly in slope or intercept. As per Greacen (1981), layers were
not bulked together if bulk densities and soil textures were found to differ markedly.
For the Density experiment, this resulted in depths 15, 30, 45 and 60 cm left separate
and 75 to 90 cm and 120 to 180 cm bulked together (Figure 2-4). The equations
generated were then used to convert all count ratio data to volumetric soil moisture
content (g cm-3) for each soil layer and multiplied by the thickness of each individual
soil layer. This resulted in a measure of the volumetric soil moisture content in
millimetres for each soil layer.
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Figure 2-4 Neutron moisture meter calibration curves for the different soil layers in the Density
experiment. Equations are as follows: 15 cm y = 1.4015x + 0.0884 (r2 = 0.987); 30 cm y = 1.1835x +
0.1559 (r2 = 0.906); 45 cm y = 0.9701x + 0.2085 (r2 = 0.882); 60 cm y = 1.0508x + 0.2282 (r2 = 0.895);
75 to 90 cm y = 0.7390x + 0.3299 (r2 = 0.814) ; 120 to 180 cm y = 1.0487x + 0.2734 (r2 = 0.642) where
y = count ratio of the neutron moisture meter and x = volumetric water content of the soil.

2.3.2.2 Farm experiment
The only difference between the method used for the Farm experiment and that of the
Density experiment was that instead of an auger, a backhoe was used to reach soil layers
for sampling. The number of soil layers was also less due to the shallower soils. The
calibration equations used to convert NMM count ratio data to volumetric soil and their
correlation of determinations are presented in Figures 2-5 to 2-7.
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Figure 2-5 Neutron moisture meter calibration curves for the different soil layers at the C3 pasture
in the Farm experiment. Equations are as follows: 15 cm y = 1.5039x + 0.1308 (r2 =0.965); 30 cm y
= 1.1985x + 0.2187 (r2 = 0.907); 45 to 60 cm y = 1.0201x + 0.3009 (r2 = 0.842); 75 to 150 cm y =
0.8078x + 0.3688 (r2 = 0.693) where y = count ratio of the neutron moisture meter and x =
volumetric water content of the soil.
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Figure 2-6 Neutron moisture meter calibration curves for the different soil layers at the mixed
C3/C4 pasture in the Farm experiment. Equations are as follows: 15 cm y = 2.0381x – 0.0385 (r2 =
0.887); 30 cm y = 1.7193x + 0.0664 (r2 = 0.9337); 45 cm y = 1.1612x + 0.1985 (r2 = 0.808); 60 to 75 cm
y = 1.0312x + 0.2702 (r2 = 0.709) where y = count ratio of the neutron moisture meter and x =
volumetric water content of the soil.
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Figure 2-7 Neutron moisture meter calibration curves for the different soil layers at the C4 pasture
in the Farm experiment. Equations are as follows: 15 cm y = 1.5237x + 0.0640 (r2 = 0.985); 30 cm y
= 1.6259x + 0.1119 (r2 = 0.976); 45 cm y = 1.3190x + 0.2005 (r2 = 0.919); 60 to 120 cm y = 1.0351x +
0.2743 (r2 = 0.773) where y = count ratio of the neutron moisture meter and x = volumetric water
content of the soil.

2.4

Soil physical characteristics

2.4.1 Bulk density
The bulk density of a soil is defined as the ratio of the mass of dry solids to the bulk
volume of the soil (Blake and Hartge 1986). Bulk density was measured to calculate
volumetric soil water content (Equation 2-2) and air-filled porosity for each soil. It also
assisted in choosing calibration equations in the calibration of the neutron moisture
meter as bulk density affects soil water content and impacts on the neutron scatter from
the meter (Greacen et al. 1981). The measurement of bulk density was carried out in
the same manner at each field site. Soil cores collected previously during calibration
were trimmed to the exact volume of the steel core then weighed and dried in the same
manner as volumetric soil samples. Any soil missing from the cores was accounted for
by measuring the amount of sand required (ml) to fill the hole. This volume of sand
was converted to cubic centimetres and subtracted from the volume of the stainless steel
core to calculate the soil volume (Cresswell and Hamilton 2002). Figures 2-8 to 2-11
show the bulk density for each of the soil layers for each site with the variation of
measurements displayed in standard deviation error bars.
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Figure 2-8 The bulk density down the profile of the Red Kandosol at the Density experiment. Error
bars indicate measurement variation.
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Figure 2-9 Soil bulk density of the C3 pasture at the Farm experiment. Error bars indicate
measurement variation.
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Figure 2-10 Soil bulk density of the C3/C4 pasture at Farm experiment. Error bars indicate
measurement variation.
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Figure 2-11 Soil bulk density of the C4 pasture at Farm experiment. Error bars indicate
measurement variation.

2.4.2 Field capacity and permanent wilting point
During the collection of soil samples for neutron moisture meter calibration in
September 2004, two additional samples were collected at each depth from one of the
tubes at each field site to measure field capacity and wilting point. To measure the field
capacity, a hanging plate was used following the method of Chen and Heenan (1993).
A 15 bar (-1500 kPa) ceramic plate pressure chamber was used to carry out permanent
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wilting point measurements as outlined by Cassel and Nielsen (1986). Laboratory
estimates of field capacity and permanent wilting point values with depth are shown for
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each field site in Figures 2-12 to 2-15.
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Figure 2-12 Laboratory estimates of field capacity (-10 kPa, ●) and permanent wilting point (-1500
kPa, ○) at the Density experiment.
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Figure 2-13 Laboratory estimates of field capacity (-10 kPa, ●) and permanent wilting point (-1500
kPa, ○) for the C3 field site in the Farm experiment.
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Figure 2-14 Laboratory estimates of field capacity (-10 kPa, ●) and permanent wilting point (-1500
kPa, ○) for the C3/C4 field site in the Farm experiment.
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Figure 2-15 Laboratory estimates of field capacity (-10 kPa, ●) and permanent wilting point (-1500
kPa, ○) for the C4 field site in the Farm experiment.
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2.5

Pasture measurements

2.5.1 Basal Cover
Basal cover was measured in the same position every month in the Density experiment
(Chapter 5) and once in December 2003 for the Farm experiment (Chapter 4.) A 40 cm
by 50 cm piece of 3 mm diameter steel mesh with spacings of 2.5 cm was used
according to the method described by Virgona and Bowcher (2000). If a plant base
arose from and covered half or more of the 2.5 by 2.5 cm squares, then the square was
counted as a base. The number of squares was then related back to the area of the mesh
(0.2 m2), and a basal cover (m2 plant base m-2 ground) could be calculated. For
accuracy, basal measurements were only collected when vegetation was short following
mowing.

2.5.2 Phenology
During monthly data collections (before cutting in Density experiment), the
phenological stage of the pasture was determined by throwing a pointed cross twenty
times in each plot and scoring the closest plant to each point according to eight
categories based on Culvenor (1994). In a similar manner to Virgona and Bowcher
(2000), these eight categories were then combined into three phases being (a)
vegetative, (b) early reproductive to anthesis and (c) post-anthesis to seed drop for the
purpose of modelling described in Chapter 7. Stages (b) and (c) are presented for each
species in Chapters 4 and 5.

2.5.3 Biomass and Green Leaf Area Index (GLAI)
Two biomass samples were collected monthly from randomly placed 0.1 m2 quadrats at
both the Farm and Density experiments. When possible, two individual plants were
identified and cut instead at the Density experiment. Pastures were cut to a height of
approximately 1.5 to 2 cm at the Farm experiment to ensure full recovery of the pasture,
and 2.5 cm in the Density experiment to match the height of the mower.
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Green leaf area index (GLAI) describes the unit area of green leaf compared to unit area
of ground and is used as an indicator for the plant’s photosynthetic and transpiration
capacity. All biomass samples went through the following process to calculate GLAI:
1. Samples were taken to the laboratory and sorted into three categories: green leaf,
green stem and senesced plant material. In samples that were too large for
efficient sorting, sub-samples were taken and the total amount of green leaf
calculated for the sample using dry weights.
2. The Licor™ leaf area meter was then calibrated to a fine setting to ensure that
fine Austrodanthonia spp. leaves were accurately detected by the meter and the
belts kept clean and close together preventing error caused by static energy
interfering with the speed samples went past the detection lens.
3. Green leaves were steadily passed through the leaf area meter (ensuring that
none overlapped) and the total leaf area (cm2) was recorded.
4. All material was then dried at 80 oC for 72 hours and weighed.
In the Density experiment (Chapter 5), total green leaf area values were divided by the
number of plants in the sample (2) and multiplied by the planting density to calculate
plot GLAI. When 0.1 m2 round quadrats were used GLAI was calculated by dividing
by the number of quadrats harvested to make up the sample and multiplying by 10.
Total biomass measurements from these samples were calculated in the same manner.

2.6

Root measurements

2.6.1 The core-break method
Though many techniques were used for root measurement in this study the ‘core-break’
technique was the only technique used at both the Farm and Density experiments. This
destructive sampling technique involved removing 6 intact soil cores from each plot,
breaking these cores at 100 mm intervals to expose two sheer faces and recording the
number of roots protruding from these faces (Smit et al. 2000). In both experiments soil
cores of 50 mm diameter were extracted using a hydraulic coring device.
Soil cores were extracted to the deepest possible depth which was greatly dependant on
soil moisture and depth to parent material. In both experiments, six soil cores were
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extracted from each plot. This number was chosen as it was estimated to be sufficient
to gain significant differences at the 5% confidence level whilst being a manageable
number with regards to time taken to collect the data.

2.6.2 The beta root distribution curve
Cumulative root fractions were collected from ‘core-break’ and minirhizotron root
counts and fitted to an asymptotic non-linear model (Equation 2-3) to describe vertical
root distribution (Gale and Grigal 1987).
Y = 1-βd
Equation 2-3 Root distribution model by Gale and Grigal (1987) where Y is the cumulative root
fraction to soil depth d and β the estimated parameter.

This model was derived from studies of tree species (Gale and Grigal 1987) and has
since been tested on a wide range of vegetation types (Jackson et al. 1996). Though
other models have shown greater flexibility and capacity to fit root distributions (Silva
et al. 2003), this model has the advantage that only one parameter is estimated and
therefore β can be used as a source of comparison of vertical root distributions between
species (Gale and Grigal 1987). High values of β (~ 0.97) indicate a larger proportion
of roots positioned at depth whereas a lower β value (~0.90) indicates a greater
concentration of roots near the soil surface (Gale and Grigal 1987).

2.7

Statistical analysis

The linear mixed effects (LME) method of statistical analysis has become increasingly
popular in agricultural research (e.g. Virgona et al. 2000; Lodge et al. 2003). LME
statistics better manages seasonal and spatial effects and allows experiments to begin at
different times in the year (Verbyla et al. 1999; Orchard et al. 2000). Due to the similar
nature of the data produced in this study to that described by Virgona et al. (2000) and
Orchard et al. (2000), the technique has been used extensively for both the Farm and
Density experiments - particularly for the analysis of soil water dynamics. The basic
model for a linear mixed model is outlined in Equation 2-4 below.
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yijk = Xβ j +Zb + ε ijk
Equation 2-4 Linear mixed effects statistical equation.

where
X = fixed effects design matrix
Z = random effects design matrix
yijk = soil moisture (mm)
β = parameters for fixed effects (eg. treatments)
b = parameters for random effects (replicate/position effects; time effects) constant over
subjects
ε ijk = error (independent between subjects)
i = 1,….I j = 1,…J k = 1,…n

Mixed effects models possess both fixed and random effects. For this project, the
random effects are time and space (plot position). All other effects are fixed effects as
some type of control has been exerted over their values. The major assumptions are that
both b and ε ijk are normally distributed and that the response variate is continuous. This
technique is able to handle both balanced and unbalanced designs meaning that both
controls in the Density experiment (Chapters 5 and 6) could both be analysed at the
same time with this method. This technique also manages data sets that are unbalanced,
have both time and space components. The technique can also be used in randomised
block designs, covariance models, split plot, nested and multilevel models (Pinheiro and
Bates 2000).
REML (residual estimated maximum likelihood) is the estimation method employed
within the LME method that replaces the role of ANOVA’s. For spatial analysis, when
given information on plot position, size and distance between plots, REML is able to
partition effects due to, for example, an influence coming from an area or direction
within the experiment that has not be adequately captured by replicates or blocks (Cullis
et al. 1998). A similar technique is used for dealing with time effects. The Wald test
replaces the F test and other indicators of model goodness of fit used in the statistical
technique include the standard error of difference (sed) and the deviance or log
likelihood. Variograms, trellis graphs and normal probability plots are used to
graphically describe the data (Cullis et al. 1998).
The statistical software Genstat for Windows® 8th Edition was used to carry out
statistical analyses. After data entry, random and fixed terms were allocated and
transformed (usually loge or square-root transformation) if necessary. The significance
of random terms (particularly with regards to spline terms) was determined by recording
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the change in deviance with their sequential inclusion. For spline terms, if the change in
deviance was found to be greater than 2.74, the spline was significant at the 5%
confidence level. Spline terms have the distribution 0.5*chi-square 0 + 0.5* chi-square
1 (Verbyla et al. 1999). Given the difficulty in calculating associated p values, the
spline significance has only been reported to the 5% confidence level. The significance
of any random spline term in association with time (i.e. Spline(days) in Table 5-1)
meant that there were differences in curvature through time at the specified treatment
level. Random, non-spline terms were deemed significant (P<0.05) if the change in
log-likelihood deviance was found to be greater than the chi distribution value at the
same degrees of freedom.
Wald statistics were used to determine the contribution of fixed effects to the model.
The significance of fixed effects indicated the presence of overall linear trends
throughout the experimental period at the specified treatment level. For unbalanced
designs it should be noted that Wald statistics are only asymptotically distributed as chisquare and have a tendency to give significant results too frequently if close to a critical
value (Payne et al. 2005).
The statistical model for the Density experiment (Chapter 5) also contained a covariate
that described the distance each plot was from a tree located in the south-east corner of
the experiment. This was included to help explain the spatial heterogeneity throughout
the experimental area. The inclusion of the distance from tree covariate was found to be
significant for some soil layers and measurements of basal cover.
Following analysis, results were expressed in the form of predicted treatment means
across the experimental period. Individual standard errors were produced for each
prediction point and used to determine which of treatments were significantly different
on given prediction dates. The Least Significant Differences (LSD) method was used to
determine treatment differences. When calculated at 5% confidence level with infinite
degrees of freedom, least significant differences are found at approximately twice the
standard error.
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Chapter 3. Remote measurement of Green Leaf Area Index
(GLAI) at the plot scale

3.1

Introduction

Leaf area index (LAI) is a value derived from measuring the total area of leaf over a
known area of ground (e.g. m2 of leaf /m2 of ground). Green leaf area index (GLAI) is
the proportion of the leaf area index that is alive (green) and thus capable of
transpiration. The relationship between transpiration and LAI is central to water use
studies and the nature of this relationship has been outlined in Chapter 2. In many
circumstances, LAI and GLAI are synonymous due to the annual growth habit of the
plants studied (e.g. annual crops) however, in pastures, particularly native pastures
where a large amount of the previous season’s dead herbage is retained in the sward
(Dunin et al. 2006), it is important to differentiate between live (green) and dead tissues.
The structure and amount of dead biomass retained affects the microclimate of the
sward through shading and reduced air flow and it is important to monitor biomass in
combination with GLAI. However, when studying the aboveground characteristics
associated with native pasture water use, GLAI is the most valuable and relevant
measure for determining potential transpiration.
Despite its importance, there is no simple method of measurement for either LAI or
GLAI, though a greater number of techniques have been devised for LAI. Direct
measurement through destructive sampling and hand separation is laborious and subject
to considerable spatial variation which necessitates a high sampling frequency
(Daughtry and Hollinger 1984; Laca and Lemaire 2000). An accurate, rapid and
preferably non-destructive technique is required for measuring plot-scale studies
through time.
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3.1.1 Measurement of GLAI
Remote sensing techniques utilise the reflected spectral radiance from the interaction of
plant canopies and incident solar spectral irradiance (Tucker 1980). This can be carried
out using ground-based, airborne or satellite equipment. Advances in this technology
have resulted in the increasing use and uptake of the technology for the measurement of
plant-based characteristics such as GLAI. Pontailler et al. (2003) describe a technique
that uses vegetation reflectance of light in the red and infra-red bands to calculate the
normalised difference vegetation index (NDVI) from which GLAI can be derived.
Initial results in an evergreen scrub oak ecosystems in Florida show potential (r2 = 0.96)
though issues with the technique include saturation at high LAI values resulting in a
loss of accuracy and a need for extensive calibration as the NDVI-LAI relationship
varies with species, plant geometry and soil optical properties (Pontailler et al. 2003).
Lenz et al. (2005) reported coefficients of determination (r2) of 0.89 when comparing
the direct measurement of GLAI with that of GLAI determined indirectly through the
use of a portable spectrometer in three meadows in Germany. A disadvantage of the
technique, (besides the vast technical expertise required for its application) is that it is
generally not used on vegetation that is recently cut or in early growth stages. Lenz et
al. (2005) claims that only the direct measure of GLAI provided complete time series
data.
A prototype device has been developed by Denison and Russotti (1997) that uses laserinduced chlorophyll fluorescence to distinguish green leaves from other material within
a canopy. It is similar to the point-quadrat method (Wilson 1960; 1963) described for
LAI below but substitutes a laser for the metal probe. Initial tests on sudangrass, wheat
and maize show correlations of r2 = 0.76 to 0.98 suggesting that this device may be
potentially useful in the future.
The above techniques for calculating GLAI are still in the developmental stages and
require a large amount of technical expertise and the purchase of specialised equipment.
They are most likely suited to experiments requiring measurement of extensive areas.
For the scale of the current project, it was decided that these techniques were not
suitable.
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3.1.2 Measurement of LAI
One indirect method that is widely used for the measurement of LAI is the point quadrat
technique (Wilson 1960; 1963). This method calculates LAI as a function of the
number of leaves contacted by a sharp metal probe passing though a canopy at certain
angles. This technique was further improved by Caldwell et al. (1983) through the
design of an automated fibre-optic point that reduced both the subjectivity of the
technique and measurement time.
Foliage orientation methods have also been used to calculate LAI whereby calculation
of the overall foliage orientation (both leaf inclination and the azimuth) is used to
calculate LAI. This technique is complex, subject to error and time consuming as at
least a thousand measurements with a hand held protractor/compass is considered
necessary (Laca and Lemaire 2000).
Another common method involves taking photographs with hemispherical lenses to
calculate LAI from canopy gap fractions. The mathematical theory behind gap fraction
analysis is similar to that of the point-quadrat technique but with light replacing pins
(Laca and Lemaire 2000). The gap fraction method of calculating LAI led to the
commercial development of a range of devices (Welles 1990). Commonly used is the
Licor™ LAI-2000 plant canopy analyser, a portable device that has been shown to work
successfully in various types of vegetation including trees, grapevines and crops (Gower
and Norman 1991; Hicks and Lascano 1995). The LAI-2000 measures the attenuation
of diffuse sky radiation simultaneously at five zenith angles drawing on the relationship
that light reduces faster in canopies of greater leaf area to calculate LAI (LI-COR Inc.
1992). One limitation of the LAI-2000 is that the device must be used in diffuse light to
reduce error associated with scattering within the canopy under direct light conditions.
The LAI-2000 has been used with various degrees of success. Welles and Norman
(1991) reported errors of less than 15% in a prairie grass study with a root mean square
difference of 0.09. Extensive background into the theory and improved use of the
device can also be found in this article. Miller-Goodman et al. (1999) concluded that
the LAI-2000 gave precise measurements of foliage density reduction and recovery in
native pastures in Nebraska, USA due to coefficients of variation below 10%. Whilst a
degree of precision was found between stocking rate factors and the change in LAI, the
relationship between LAI and biomass was less precise (r2 = 0.43, Miller-Goodman et
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al. 1999). Given the device’s relatively successful use by Welles and Norman (1991),
its availability and potential for rapid assessment, it was decided that the LAI-2000
should be tested in native pastures for this study.

3.1.3 Measurement of the proportion of green leaf in pastures
One limitation with using the LAI-2000 is that the sensor cannot distinguish between
live and dead tissue to separate out photosynthetically active LAI (GLAI) (Welles and
Norman 1991). Therefore, the technique needed to be coupled with a second technique
to determine green leaf area index (i.e. LAI x %green = GLAI).
The assessment of green leaf has also been approached in many ways in the past with
varying levels of success and accuracy. At a sample scale, the most accurate method is
destructive measurement. However, because of the time required to separate green
components, this measurement is not routinely recorded (Waite and Kerr 1996).
In the majority of studies where the level of green biomass has been assessed on a plot
to small paddock scale, one of the most popular techniques have been the use of visual
estimation due to its easier replication. Walker (1976, as per t' Mannejte and Jones
2000) developed a method on grass tufts in South Africa whereby estimates were made
in classes of 0-10, 11-25, 26-50, 51-75, 76-90, 91-99 and 100 percent green. Waite and
Kerr (1996) adapted a technique (Haydock and Shaw 1975) for estimating pasture yield
for estimating green whereby five quadrats are chosen evenly ranging from high to low
green leaf and used as standard reference sites with each weighed and assessed to ensure
the correct order. Estimation of sample areas would then take place and at completion,
fifteen calibration cuts that represented the range of green leaf yields found would be
estimated, cut, sorted, dried and weighed and used to determine regressions and
correlation coefficients. Many visual estimation practices are now based on these
techniques (e.g. Walker et al. 1996; Andrew and Lodge 2003; Lodge et al. 2003).
Visual estimation of not only green leaf biomass in pastures but also ground cover, total
herbage and composition has been looked upon favourably for many reasons,
particularly the small amount of time required for both initial assessment and calibration
(Murphy 2002). However, it has been recognised by Murphy and Lodge (2002) that in
many applications, the visual estimation technique is less accurate in the central region
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of the percentage scale (i.e. 20 – 80%). This problem is exacerbated when estimating
percentage green (Hatton et al. 1986). This was also reflected in the scale increments
chosen by Walker et al. (1996) above. Many sources of error associated with the visual
estimation technique have been highlighted (Michalk and McFarlane 1977) including
the inconsistency among observers, pasture types or data collection events, the nonlinear relationship between visual estimate and actual values, observer bias when
moving from one pasture condition to another and the fatigue on the observer’s level of
concentration when large amounts of visual estimation is carried out.
Other indirect techniques have also been developed. The pigmentation method was
developed by Hunter and Grant (1961) whereby samples of unknown dead:green ratio
contents are oven-dried, ground and filtered to remove chlorophyll which is then
measured using an absorptiometer and compared to a calibrated curve of a range of
known dead:green content to determine percentage green. Later, Grant (1971) also
devised the “chlorophyll extraction method” along similar lines but using a
spectrometer. Whilst these techniques have been met with more success, all techniques
have been far more laborious compared to the visual estimation techniques and have
therefore seen less uptake, particularly for large experiments.
Digital cameras allow instant, high quality photos to be taken and subsequently
analysed in software programs to discriminate and assess finite variation in pixel colour.
It was noted by Murphy and Lodge (2002) that photographic methods may be better
suited to research attempting to identify small changes in cover or in studies of low
sample numbers. In a study comparing digital imagery to point sampling and visual
estimation of tussock cover, Bennett et al. (2000) found that error due to camera
perspective was constant across cover classes (4%) compared to the variable error when
using the alternate techniques (point sampling = up to 10%, visual estimation, up to
30%). Bennett et al. (2000) argued that the digital imagery technique was inexpensive,
involved minimal field time and utilised commercial software. Thus, coupled with
reduced measurement error, the technique offered a suitable alternative to traditional
techniques for measuring vegetation cover.
The aim of the following experiments was to determine whether using the LICORTM
LAI-2000 for the determination of LAI in combination with digitally derived % green
cover measurements could be an effective alternative to measuring GLAI manually.
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3.2

Methods

3.2.1 LAI experiment
Two small studies were conducted to test the efficacy of the LI-COR™ LAI-2000 plant
canopy analyser (LAI-2000) in native perennial grass pastures. These studies utilised
the established experimental sites near Bookham (Farm experiment, Chapter 4) and
Wagga Wagga (Density experiment, Chapters 5 and 6) in NSW.

3.2.1.1 Measurement of LAI with the LI-COR™ LAI-2000 plant canopy analyser
In both LAI experiments, the aperture of the optical fisheye lens on the LAI-2000 was
reduced to 90o as recommended by the manufacturer when using under low vegetation,
with all five sensor rings enabled to prevent underestimation of LAI (LI-COR Inc.
1992). All measurements were collected at dawn to prevent any error associated with
direct sunlight. Also, to ensure that error associated with changing light conditions was
minimised, the LAI-2000 was used in one sensor mode with one above ground reading
taken to every five below canopy readings (as per Reece et al. 1996). The need for
multiple LAI-2000 measurements has been noted in other studies (Volesky et al. 1999;
Ganguli et al. 2000). Care was taken to ensure that vegetation closest to the LAI-2000
optical lens was a distance of at least 4 times that of the foliage size (Welles and
Norman 1991) and on slopes the device was held parallel to the ground rather than level
with the horizon (Reece et al. 1996) to prevent topographic effects.
Following collection, all plots were harvested to a height of 2 cm, sub-samples taken
back to the laboratory and scanned on the LI-CORTM leaf area meter in a similar method
to that described in Section 2.5.3.

3.2.1.2 Density experiment field site
Data collection was carried out in November 2003 on a sectioned off metre square area
in all eight perennial plots of replicate 2 of the randomised block experiment described
at Wagga Wagga (see Figure 2.3). This experiment was a series of monoculture plots
with regularly spaced plants of various space intervals, that is, a non-continuous canopy.
The two grass species Bothriochloa macra and Austrodanthonia spp. offered good
contrast for the assessment of the technique. They differed in their maximum height (1
m height in B. macra compared to 70 cm in Austrodanthonia spp. used in this
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experiment (Wheeler et al. 2002), their growth habit (B. macra is a more prostrate plant
compared to the more tussocky Austrodanthonia spp.), their investment into
reproductive structures (most of B. macra’s height is a result of its investment into
inflorescences) and leaf widths (Austrodanthonia spp. has a very fine and hairy leaf
compared to the broader leaf of B. macra).
A large tree was located 28 m south-east of this field experiment. There was concern
that the proximity of the tree would bias leaf area measurements through its detection by
the LAI-2000. As a result, a number of different collection methods were tested. Given
also the non-continuous canopy, collection methods were mostly associated with the
orientation of the LAI-2000 fisheye lens and its proximity to plant bases. Placement of
the LAI-2000 was considered most important in lower density treatments. Treatments
included facing the LAI-2000 lens inwards from the courners of the metre square plot
shifting it closer to the centre with consecutive measurements; facing the lens in various
directions whilst shifting the device diagonally across each plot; placing the device in
the centre of each row in an east-west direction or a north-south direction, and placing
the device closer to the plant’s base in an east-west or a north south direction.

3.2.1.3 Farm experiment field site
The C4 pasture was used to test the LAI-2000 at the Farm experiment (Chapter 4). This
pasture was chosen for its height, bulk and that it was almost entirely composed of the
one species (Themeda triandra) making it the most uniform and least complex of the
pastures.
Data for the C4 pasture was collected in early March 2006 before falling temperatures
triggered senescence. Prior to measurement, four 1 m2 sampling areas were marked out.
Two of these areas were left at their original height (> 20 cm) whilst the other two were
cut to a height of approximately 10 cm. Where pasture was cut, the surrounding area up
to 2 m from the perimeter of the experimental area was also cut to prevent the higher
biomass from being sensed by the optical lens of the LAI-2000 and interfering with the
measurement.
Measurements were taken in diffuse light on two consecutive mornings before sunrise.
Above-canopy readings were taken for every six below-canopy readings to account for
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the fast-changing light conditions at that time of day. Pastures were positioned on the
mid to lower western slopes of hills and it was thought that LAI measurements might be
affected by the surrounding topography. Three measurement strategies were thus
applied. The first was a random technique where positions and directions were taken at
random. However, to ensure measurement was of the sampling area, when positioned
near the perimeter, the optical lens was always faced inwards. The second technique
ensured that measurements were always taken in an easterly or westerly direction. The
third was in a northerly or southerly direction. Following the collection of LAI-2000
data on the second day, plots were harvested to a height of 2 cm for laboratory
measurement of LAI.

3.2.2 Percentage green experiment
From December 2003 to August 2004, a series of photographs were taken of the three
native pasture communities examined in the Farm experiment (Chapter 4) for the
calculation for percentage green cover. The ‘C3 pasture’ was dominated by the native
perennials Austrodanthonia spp. and Microlaena stipoides; the ‘C3/C4 pasture’ also
contained these species plus Bothriochloa macra and the ‘C4 pasture’ was dominated by
Themeda triandra. A digital camera was mounted on a light-weight aluminium box
(painted matt black on the inside) which was constructed to maintain constant
illumination on a round area of pasture 0.1 m2 in size (Figure 3-1). Regulated power to
this box was supplied by a nearby vehicle. Two images were captured from each of the
four native plots for each pasture and the 0.1 m2 photographed areas harvested. For
each sample, green biomass was sorted from dead, both samples dried as per section
2.5.3 and the dry-weight of each component calculated.
The digital images captured on each occasion were loaded into a purpose-built software
program where the area of pasture was selected from the image and the grey standards
(used to calibrate between sampling events) identified (Figure 3-2). Once this was
done, all pixels within the specified region of the image and between selected colour
thresholds were counted and converted to a measurement of percentage green cover
(Figure 3-3).
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Figure 3-1 The light box in use in the field. The box was 0.5 m x 0.5 m in the base and 0.8 m in
height. A fully adjustable digital camera (Cannon Powershot II) was screwed to a supporting
mount at the top with the lens passing through a shielded opening in the centre. Regulated power
was supplied to the box for lighting through the cigarette lighter of a nearby vehicle.

Both the H.S.V. (hue, saturation, value) and R.G.B. (red, green, blue) colour space
description methods were examined in this study as both are commonly used in image
analysis (Russ 1995). These techniques were examined with and without additional
calibration from the standard shades within the images which were designed to remove
any light variation between data collection dates.

Chapter 3. Remote measurement of GLAI

64

Figure 3-2 A digital image loaded into the purpose-built software program for the measurement of
percentage green cover. The image shows the entire base of the light box. The initial phase for
using this program is to identify regions of interest from the digital image. By using a mouse, the
dimensions of the pasture area can be identified along with the colour standards situated to the
right and left of the pasture.

Figure 3-3 The colour selection phase of the software program purpose built for measurement of
percentage green cover. The operator can choose any cut-off value using the greenness threshold
or the HSI option with or without recalibration with the standards.
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Prior to analysis of all images, a sub-sample of images from across the range of dates
and pastures were chosen at random to determine suitable specific R.G.B. and H.S.V.
thresholds. Thresholds were selected by eye on this subset of images using a blue
overlay to identify pixels within the specified colour thresholds and adjusting these
thresholds until all green portions of pasture were adequately selected (Figure 3-4). All
images were then automatically batched to produce percentage green values for the
chosen threshold range.
Percent green values were then compared to green biomass percentages calculated from
the harvested the area of pasture. Data were collated and a regression analysis carried
out to determine the relationship between the percentage green cover measurements
determined from digital images across a range of settings and those determined from %
green biomass.

Figure 3-4 The colour selection phase of the software program purpose built for measurement of
percentage green cover. Pixels found within the user-defined colour thresholds are displayed in
blue. The transparency of this overlay is fully adjustable as is the colour and brightness of the
image. The percentage of pixels within the colour thresholds is displayed above the image next to
the file name.
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3.3

Results

3.3.1 LAI experiment

3.3.1.1 Density experiment field site
LAI measurements determined by the LAI-2000 for each grass species showed a greater
range of values compared to the laboratory measured LAI. Placement method was not
found significant in any analysis.
When both species were analysed together, the amount of variance in laboratory
determined LAI accounted for by LAI-2000 was very high (r2 = 84.8%) however, the
standard error was unacceptably large at 0.319 which was greater than the total LAI in
some Austrodanthonia spp. treatments. There was also a systematic relationship
between the fixed values and the residuals preventing normality even following
transformation (loge, log10, square root, logit). The positioning of the LAI-2000 and its
interaction were also found non significant. Inclusion of species as a multiple
regression resulted in an even higher r2 value (97.8%) however the standard error was
still unacceptably high at 0.122 and residuals not random regardless of transformation.
Analyses of individual species revealed that the LAI-2000 accounted for 41.1% of the
variance in laboratory measured LAI for Austrodanthonia spp. (se = 0.026) and 35.2%
for Bothriochloa macra (se = 0.172). However, for both species, the regression was far
from the line of unity (1:1 relationship, Figure 3-5).
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Figure 3-5 The relationship between the destructively collected, laboratory measured leaf area
index (LAI) and LAI measured remotely using the Licor™ LAI-2000 plant canopy analyser for
Austrodanthonia spp. (▲) and Bothriochloa macra (●). Solid lines indicate the position of individual
regression lines for each species. The dashed line indicates the position of the 1:1 relationship
between measurement techniques.

3.3.1.2 Farm experiment field site
Day of measurement was found to contribute significantly to explaining variation in
laboratory measured leaf area index. Measurements from the LAI-2000 in conjunction
with day only explained 39.4% of the variation in laboratory measured LAI (Figure
3-6). Residuals were slightly skewed in their distribution and this was not improved
with transformation (loge, log10, square root, logit). The standard error of observations
was estimated at 0.503. Given that LAI dropped well below this value throughout the
season, this was not considered satisfactory. Measurements made on the second day
were more accurate than those from the first day (Figure 3-6) despite being apparently
conducted in exactly the same fashion. When analysed individually, day 2 accounted
for 51.9% of the variation in laboratory determined LAI compared to 35% on day 1.
The method of LAI-2000 placement within each plot (with regards to the basic position
and direction the device faced) did not contribute significantly to this relationship.
Clearly, however, the LAI-2000 was very sensitive to its exact placement in terms of
proximity to leaves in short canopies.
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Figure 3-6 The relationship between the destructively collected, laboratory measured leaf area
index (LAI) and LAI measured remotely using the Licor™ LAI-2000 plant canopy analyser for a
Themeda triandra pasture for Day 1 (▲) and Day 2 (●). Solid lines indicate the position of
individual regression lines for each species. The dashed line indicates the position of the 1:1
relationship between measurement techniques.

3.3.2 Percentage green experiment
All four colour threshold techniques gave similar coefficients of determination across
the pasture types ranging from r2= 0.61, 0.60, 0.62 and 0.59 for the R.G.B., the
standardised R.G.B., the H.S.V. and the standardised H.S.V. colour threshold
techniques respectively (Figure 3-7). Model fit improved on the omission of data points
of less than 1000 kg DM ha-1 with respective r2 values increasing to 0.68, 0.67, 0.69 and
0.64. Overall, the relationships between percent green cover measurements of percent
green biomass were similar for all colour threshold techniques with the exception of the
standardised greenness threshold which had significantly different slope (P<0.001,
Figure 3-7). Regression slopes all differed greatly from unity (1:1).
Unacceptably large variation was reflected in the magnitude of the root mean square
errors (RMSE, see page 199). RMSE values in the C3 pasture ranged from 12.7%23.4% green biomass in the H.S.V. technique to 29.3-36.9% in the standardised R.G.B.
technique. The H.S.V. technique was therefore chosen to analyse individual pastures.
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Figure 3-7 A comparison of all digitally derived % green cover and % green biomass
measurements using standardised (closed symbols) and non-standardised (open symbols) R.G.B.
(○) and H.S.V. (Δ) colour techniques.

The type of pasture community significantly (P<0.001) contributed to the relationship
between actual and computed percentage green more so in terms of the regression
intercept than slope (Figure 3-8). Consistently, the computed percentage green
explained the greatest amount of variation in percentage green by biomass in the C3/C4
pasture (r2 = 0.82, P <0.001) compared to the C3 and C4 pastures (both r2 = 0.71, P
<0.001). Root mean square errors for the pastures were 12.6, 16.8 and 23.2%
respectively for the C3, mixed and C4 pastures. However, the C3 pasture never exceeded
22% green biomass compared to 41 and 45% in the C3/C4 and C4 pastures (Figure 3-8).
Using these derived relationships across all pastures, greater than 60% green dry weight
would translate to 100% computed green cover in all pastures, effectively only
describing half of the green biomass range.
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Figure 3-8 Percentage green cover as estimated from digitally derived photography and computed
using the H.S.V. colour threshold technique for a C3 (○), C3/C4 (▲) and C4 (■) native pasture
located near Bookham, NSW.

3.4

Discussion

3.4.1 LAI experiment
The findings of both the Density and Farm studies were in a similar range to those of
Volesky et al. (1999, r2= 0.33 and 0.59 in trials 1 and 2 respectively) and Harmoney et
al. (1997, r2 = 0.32) though both these experiments compared the LAI-2000 with
pasture biomass not laboratory measured LAI. Volesky et al. (1999) concluded that the
strength of the relationship found with the LAI-2000 would probably be matched or
surpassed by visual estimation or cutting and this is also likely here.
Whilst a 1:1 relationship with laboratory determined LAI was not necessary to justify
the use of the LAI-2000, a consistent level of accuracy over a wide range of LAI values
was necessary. The level of accuracy required was determined by the range of values
found in the Austrodanthonia spp. treatments in the Density experiment. Given that the
standard error was often more than the total LAI for this species the LAI-2000 was
considered too inaccurate for measuring LAI here.
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The level of fit achieved by the LAI-2000 at the Farm experiment was also considered
inadequate to justify its use as an alternate remote measure for LAI. The C4 pasture was
considered the least botanically complex of the three native pastures in the Farm
experiment and also the pasture most likely to be measured successfully with the LAI2000 given its greater height and biomass. Thus, favourable pasture conditions were
deliberately chosen to test the LAI-2000. As the technique did not prove successful in
this pasture, further investigation of the other pasture communities was not undertaken.
Given the ensuing years of drought experienced during the Farm experiment (Chapter 4)
and the subsequent low pasture heights, it is unlikely that the technique would have
provided data of any meaning, particularly outside the peak growing season.
A range of LAI values were tested throughout both LAI experiments though in both
cases, preference was given to periods of higher biomass when foliage detection was
most likely. Laca and Lemaire (2000) noted that the size of the probe may cause
disturbance to the sward, limiting its use to tall canopies and making it unsuitable for
very short and dense swards. Though results tended to support this observation,
evidence of its interference, particularly to tall canopies, could not be derived from the
results of this study.
Lang (1987) described a change in the calculation of LAI in grasses which reduces the
importance of the outer ring of the LAI-2000 where an underestimation due to light
scattering is often reported. In this study, it was found that the re-calculation using
Lang’s (1987) method only worsened the relationship between the techniques (r2 =
5.6%) and was therefore not used.
Pastures are dynamic systems continuously changing with respect to growth rates,
leaf:stem ratios, senescence and the seasonal dominance of its species. To ensure that
the ever changing relationship between LAI-2000 estimates and actual LAI are
captured, constant calibration would be necessary. This dynamic relationship was
evident in the study by Miller-Goodman et al. (1999) where accuracy of LAI values
began to drop when pastures began to senesce. The dynamic relationship between LAI2000 and pasture attributes was further highlighted in the current study with both day
and species found to have significant influence in remotely measured LAI. It would
therefore be necessary to take calibration samples on every day of measurement for
every pasture type examined. The Farm experiment contained three sites with only 8
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plots located within each site. For the LAI-2000 to be used with any accuracy, a
considerable number of calibration samples for very few measurements would be
necessary.

3.4.2 Percentage green experiment
A clear relationship was found between the percentage of green biomass in pastures and
the percentage green cover calculated from the digital image technique. This occurred
with similar success for all colour threshold techniques despite the standardised R.G.B.
technique possessing a different regression slope. It is unknown why the relationship
with the standardised R.B.G. technique varied from other techniques.
The coefficient of determination values were comparable to those found using other
techniques when measuring similar traits (Denison and Russotti 1997 = 0.76-0.98;
Künnemeyer et al. 2001 = 0.7; Lenz et al. 2005 = 0.89) but the root mean square error
values of between 12 and 23% were still comparatively high. For example, if a pasture
of LAI = 1.5 is estimated to contain 40% green according to the digital imaging
technique, real GLAI values could range between 0.46 and 0.74. This level of variation
was considered too great to make for a suitable alternative within the scope of this
project.
From the regression curves it is evident that the technique will have limited use when
green biomass levels are above 60%. The technique has also limited use when biomass
levels are below 1000 kg DM/ha as it was necessary to omit data points below this level
in this study. A proportion of the measurement error in this study can be attributed to a
two dimensional image being compared to the three dimensional measure of biomass.
The heterogeneous stratification of biomass components within pasture canopies varies
across time and can influence two dimensional measurements by over-representing
different portions of the pasture at the top of the canopy.
Though possible, underestimation of green by overlying dead material is less likely due
to the response of plants to elongate in low light environments increasing its presence at
the top of the canopy. Overestimation is more likely as new growth is capable of
completely out-shading dead biomass leading to the detection of 100% green when a
substantial amount of dead biomass may exist (e.g. Figure 3.7).
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Composition, condition and the phenological stage of the pasture also varies spatially
and temporally and can confound measurements (Grant et al. 1993) by influencing
many factors, particularly leaf colour. Calibration on each sampling occasion is
necessary to overcome these sources of error meaning that the time saved overall may
be marginal (Grant et al. 1993). It is possible that this technique could be found useful
where a large number of measurements are required to be made on pastures of similar
composition.
Another potential source of error is associated with the manual separation of green leaf
from dead as the human eye is capable of isolating shades of green outside the colour
thresholds set by computer software. Also, the determination of R.G.B. and H.S.V.
thresholds was carried out subjectively again relying on the human eye for the
discrimination of green material. Manual harvesting of samples would also have
contributed to the difference between digital and biomass % green for at low biomass
levels a larger proportion of the pasture would not be collected affecting green:dead
biomass ratio.

3.5

Conclusion

The accurate and efficient assessment of green leaf area index (GLAI) is essential for
both pasture hydrological and production research and management. Direct
measurement is laborious and time consuming and only of use when carried out at such
a scale and intensity as to capture pasture spatial effects and variability.
The dynamic nature of pasture systems is such that indirect estimation is difficult to
achieve with accuracy and constant calibration is necessary to capture the constantly
changing relationship between pasture characteristics (such as green leaf area index)
and the technique in use. The increased botanical complexity of native pastures further
exacerbates this issue. Whilst potentially useful indirect methods are being developed,
all require a high level of technical expertise, financial input and calibration. To justify
expenditure in these areas, the purpose of the experiment, the required accuracy and the
experimental scale must be carefully considered and balanced.
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In this study, both the LAI-2000 and the digital imaging technique gave inadequate
results to justify their use as remote alternatives for the estimation of GLAI in the long
term experiments for which they were tested. Limitations associated with minimum
pasture biomass levels prevent both techniques from providing the continuous timeseries data required. It was therefore decided that given the scale of the experiments for
which these techniques were tested, destructive sampling and visual estimation would
be more appropriate. The need for a more accurate and efficient method of measuring
GLAI still remains.

Chapter 3. Remote measurement of GLAI

75

Chapter 4. The effect of botanical composition on the soil water
dynamics beneath native pastures in the high rainfall zone of
south-eastern Australia

4.1

Introduction

It has been recognised that perennial pastures have a role in reducing recharge (Dunin et
al. 1999) and in the HRZ, opportunities are mostly limited to native perennial pastures
as described in Chapter 1. Though the overall transition from perennial to annual
pastures is known to reduce water use and thereby increase recharge (White et al.
2003); the water use of native pasture communities or ‘states’ throughout this transition
has not been investigated in the HRZ despite their predominance in the region.

In this study, three pastures were chosen as representations of differing compositional
states according to the state and transition models (Section 1.3.1) formed for temperate
native pastures by Wolfe and Dear (2001), Garden and Bolger (2001), Garden et
al.(1996) and Lodge and Whalley (1989). The aim of the experiment was to determine
how species composition in native pastures affects soil moisture use. A range of
physical characteristics such as root depth and distribution, green leaf area index
(GLAI) and phenology were observed through time, with respect to soil moisture use.

4.2

Methods

4.2.1 Experimental design
Three sites located near Bookham (34° 52' 34" S, 147° 22' 39" E) on commercial farms
in the upper region of the Murrumbidgee catchment were used in this study. These sites
were located within approximately 4.5 km of one another on common in soil types,
slope positions, aspect and parent material (See Chapter 2). The pasture found at each
of the three field sites varied in composition and are named according to the dominant
photosynthetic pathways of the dominant perennial grass species present herein called
the C3, C3/C4 and C4 field sites. The C3 pasture contained mostly the C3 native
perennial grasses Microlaena stipoides and Austrodanthonia spp. The C3/C4 pasture
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was dominated by the C4 native grass Bothriochloa macra and the C3 native grasses
Microlaena stipoides and Austrodanthonia spp. The C4 pasture contained almost
entirely the C4 native perennial grass Themeda triandra.
At each field site eight 4 x 4 m plots were marked out in two rows perpendicular to the
hill slope with four randomly allocated to either an annual or a native pasture treatment.
Annual treatments were established every autumn by spraying with Roundup®, handtilling to remove perennial bases and sowing to Italian ryegrass (Lolium multiflorum
c.v. Winter star; Section 2.1.2, Figure 2-2). Rainfall and temperature loggers were
installed at each field site.

4.2.2 Management
Though fenced, the field sites were generally grazed with the rest of the paddock
ensuring that the native pasture treatments remained representative of both the pasture
and the “compositional state” for which they were chosen. Field sites were fenced to
allow exclusion of stock during ryegrass establishment and when biomass levels
dropped below approximately 500 kg ha-1. In December 2004, sites were mown for
basal cover measurements and stock excluded to allow recovery (Figures 4-1 to 4-3).

The C3 field site was located in a small paddock (5.6 ha) and was usually pulse grazed
(sometimes in conjunction with surrounding small paddocks) for short periods ranging
from 2 to 3 days to two weeks (with the exception of August 2004, Figure 4-1). The
stocking rate for the paddock averaged at 6.8 DSE ha-1 and was top-dressed every
autumn at a rate of 100 kg superphosphate ha-1 year-1 (8.8% P, 11% S).

The C3/C4 pasture was located in a 63 ha paddock and set stocked with merino hoggets
at an average stocking rate of 4.2 DSE ha-1 (Figure 4-2). The paddock received 100 kg
of superphosphate ha-1 in 2004 only. The C4 pasture was managed for habitat protection
as well as grazing as it contained some endangered forb species and was harvested
annually for the seed of the dominant grass, Themeda triandra. Due to this, grazing was
generally avoided throughout most of spring and summer (Figure 4-3). The paddock in
which the C4 field site was located was 51.7 ha in size, was stocked on average at 3.1
DSE ha-1 and received 100 kg of superphosphate ha-1 year-1.
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Figure 4-1 Stocking occurrences and rates for the C3 pasture. Dashed line indicates the average
stocking rate for the experimental period. Grey bars represent the stocking rate and length of time
the paddock was grazed on each occasion. Diagonal shading represents when plots were shut-off
from grazing to allow Italian ryegrass establishment or recovery from mowing.
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Figure 4-2 Stocking occurrence and rates for the C3/C4 pasture. Dashed line indicates the average
stocking rate for the experimental period. Grey bars represent the stocking rate and length of time
the paddock was grazed on each occasion. Diagonal shading represents when plots were shut-off
from grazing to allow Italian ryegrass establishment or recovery from mowing.

Yorkshire Fog (Holcus lanatus) is a known coloniser of disturbed or degraded pastures
and is a common perennial weed of pastures in this region. This grass germinated in the
disturbed Italian ryegrass treatments of both the C3 and the C3/C4 pastures during the
experimental period. When found, yorkshire fog plants were administered with
glyphosate using a hand wand at a concentration of 7 ml L-1 water.
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Figure 4-3 Stocking occurrence and rates for the C4 pasture. Dashed line indicates the average
stocking rate for the experimental period. Grey bars represent the stocking rate and length of time
the paddock was grazed on each occasion. Diagonal shading represents when plots were shut-off
from grazing to allow Italian ryegrass establishment or recovery from mowing.

4.2.3 Aboveground pasture measurements
Botanical composition was measured in the middle of each season using the rod-point
method (Little and Frensham 1993), however, the rod was replaced by a pointed cross.
Given the uneven spread of perennial plants within plots, each plot was stratified both
horizontally and vertically, making a large grid. Spreading measurements evenly within
this grid ensured the even coverage of the plot during measurement. Within each grid
the pointed cross was randomly placed. By doing so, operator bias was minimised.

Collection of green leaf area index (GLAI) measurements for native pastures began in
December 2003 by randomly harvesting two 0.1 m2 pasture samples per plot, sorting
green leaf, measuring leaf area using a Licor™ leaf area meter (model LI-3100 and
weighing dried samples (see section 2.5.3). GLAI data was not collected for Italian
ryegrass treatments in all sites for the first year. GLAI data was analysed by comparing
both the timing of peak GLAI and the maintenance of GLAI for each pasture through
time. It is not known what GLAI values are necessary for increased water use though
the maintenance of greater GLAI values across time was thought potentially beneficial.
To compare the maintenance of GLAI between treatments (i.e. the maintenance of
‘sufficient’ GLAI for water use), an arbitrary base value of 0.5 was used.
Reproductive phenological stages have been reported as two broad phases
corresponding to categories; “early reproductive” (b) and “late reproductive” (c) in
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Chapter 2. The early reproductive phase consisted of plants with their most advanced
seed head between pre-elongation and anthesis. The post reproductive phase included
those stages between post-anthesis and seed drop. After seed drop, plants returned to
their vegetative state.
On the 23rd of December 2004, pastures at all sites were cut with a sickle bar mower to
a height of 3 cm to provide a clear view of the plant bases. This time of year was
chosen as the annual grass had died and perennial grasses were still green. At each site,
basal measurements were taken 6 times using a 0.2 m2 grid with 2.5 cm spacings
(Virgona and Bowcher 2000) at predetermined positions within each native plot
(Section 2.5.1). This was done in the same fixed positions for all plots prior to entering
the field site to reduce bias as grass composition was heterogeneous throughout the
pasture.

4.2.4 Soil moisture
An aluminium neutron moisture meter (NMM) access tube was installed into the centre
of each plot (Chapter 2). The depth to which neutron moisture meter access tubes could
be installed varied between as well as within field sites (Table 4-1) depending on the
depth to the bedrock parent material below. In the C3 pasture field site, tube depths
ranged from 60 cm to 150 cm. Of all field sites, the C3/C4 pasture field site was also the
shallowest ranging between 60 and 75 cm. The C4 pasture was also consistent in soil
depth with 4 plots reaching a depth of 120 cm and the remainder reaching 90 cm.

Neutron moisture meter measurements were collected monthly at soil depths of 15, 30,
45, 60, 75, 90, 120, 150 cm and calibrated as per Greacen (1981) to determine
volumetric soil moisture (cm3 cm-3, Chapter 2). As a consequence of the variation in
soil depth, the upper soil layers commonly measured across all plots and field sites (0 to
67.5 cm) were analysed together and formed the upper soil profile. As the neutron
moisture meter measures an area approximately 15 cm wide, the real depth to which soil
moisture is calculated when measuring at 15, 30, 45 and 60 cm soil layers is
approximately 67.5 cm. Soil layers were also analysed individually.
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Table 4-1 The maximum depth measured for each neutron moisture meter tube situated in the
centre of each plot in the C3 pasture, the C3/C4 pasture and the C4 pasture located at Bookham,
NSW. Values recorded in grey indicate annual plots.

Plot number

C3 pasture

C3/C4 pasture

C4 pasture

1

60

60

120

2

150

75

120

3

120

75

120

4

150

60

90

5

75

75

120

6

120

60

90

7

90

75

90

8

120

60

90

4.2.5 Measurement of root distribution
In December 2005 following the completion of the study, field sites were sampled using
the core-break method outlined in Chapter 2. The data produced was used to calculate
root occurrence to 30 cm, 60 cm and the total profile, maximum root depth and root
distribution. Root distribution was described by both the total number of roots recorded
at each 10 cm soil depth interval and by fitting cumulative root fractions with depth to
the asymptotic beta function Y = 1-βd described by Gale and Grigal (1987), where Y is
the cumulative root fraction to soil depth d and β the estimated parameter (Chapter 2).

4.2.6 Statistical analysis
Except where stated below, all data was analysed using the linear mixed modelling
technique to allow comparisons across time (Section 2.7). Predicted means derived
from the analysis were used for graphical representation except where square-root
transformation was necessary to normalise the data. As soil depth (determined from soil
coring for root measurements) was found to vary with position on slope, plot
information and position on slope were included in the analysis. Analysis of variance
was applied to both the total basal cover of the perennial component and the basal cover
of individual species to determine treatment effects. Square-root transformation to
improve residual normality prior to analysis was required for basal measurements.
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4.3

Results

4.3.1 Rainfall
Monthly rainfall was averaged across the three field sites and is presented in Figure 4-4.
Comparison with long-term median monthly rainfall for the nearest Bureau of
Meteorology weather station (QDNRM 2000) revealed that rainfall was well below the
long-term median across the experimental period. Notably, in autumn 2003, 2004 and
2005 rainfall in autumn was minimal delaying both the break in the season and pasture
growth.
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Figure 4-4 Monthly recorded rainfall at experimental field sites near Bookham, NSW (34o52’34’’S,
147o22’39’’E). Solid line indicates long-term median monthly rainfall measurements from the
Bureau of Meteorology weather station located at Burrinjuck approximately 20 km south of the
field sites (QDNRM 2000).

4.3.2 Botanical composition
Throughout summer and autumn, the C3 pasture was dominated by Austrodanthonia
spp. and Microlaena stipoides (Figure 4-5). Across all seasons, Austrodanthonia spp.
and Microlaena stipoides comprised on average 32% and 45% of pasture biomass
respectively. The only other perennial grass to exist (at negligible levels) was the exotic
perennial Yorkshire Fog (Holcus lanatus). Subclover (Trifolium subterraneum) made
up a large proportion of the pasture in winter/spring and the dominant broad-leaf weed
was cape-weed (Arctotheca calendula). Annual grasses mostly consisted of soft brome
(Bromus molliformis) and annual ryegrass (Lolium multiflorum).
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Figure 4-5 The composition of the C3 native pasture across the experimental period expressed in
terms of pasture biomass.

The C3/C4 pasture (Figure 4-6) was the most species rich of all three pastures. It was
also the most variable in its composition. During summer and autumn, the pasture was
dominated by Bothriochloa macra, Austrodanthonia spp. and Microlaena stipoides. In
winter and spring, cool-season annuals were present including subclover (Trifolium
subterraneum), broad-leaf weeds and annual grasses such as soft brome (Bromus
molliformis), annual ryegrass (Lolium multiflorum), rat’s-tail fescue (Vulpia myuros)
and wild oats (Avena fatua). Other perennials were mostly dominated by Yorkshire fog
(Holcus lanatus) and the occasional Austrostipa spp. On average across time and plots
Bothriochloa macra represented 20% of the pasture, Austrodanthonia spp. 19% and
Microlaena stipoides 30% of the pasture biomass.
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Figure 4-6 The composition of the C3/C4 native pasture across the experimental period expressed in
terms of pasture biomass.
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The C4 pasture was very stable in its composition with Themeda triandra clearly the
dominant species throughout the experimental period (on average 83%, Figure 4-7)
However, the pasture was surprisingly species rich. In winter and early spring when
Themeda triandra was least active, other species were evident including a small
proportion of Austrodanthonia spp., narrow-leaf clover (Trifolium angustifolium) and
lower levels of broad-leaf weed. The dominant species of annual grass was Aira
cupaniana. Other small forbs were also evident at this time of year including three
types of daisy (including the rare ‘Yass daisy’, Ammobium craspedioides), chocolate
lilies (Dichopogon fimbriatus) and pale sundew (Drosera peltata).
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Figure 4-7 The composition of the C4 native pasture across the experimental period expressed in
terms of pasture biomass.

The perennial grass basal cover in the native treatments for the C3, C3/C4 and C4
pastures were 0.35, 0.33 and 0.50 m2 m-2 respectively (Figure 4-8). Whilst there was
little difference in the basal cover of Themeda triandra between plots in the C4 pasture,
the basal cover of individual species differed in both the C3 and the C3/C4 pastures. At
the C3 field site, Microlaena stipoides had a much higher basal cover in plots on the
lower part of the experiment and Austrodanthonia spp. had a higher basal cover in the
upper native plots. Such clear patterns were not found in the C3/C4 pasture. Basal cover
for M. stipoides was lowest in plot 4 where Austrodanthonia spp. was highest. On
average, Bothriochloa macra contributed 26%, Austrodanthonia spp. 27% and
Microlaena stipoides 47% to the perennial basal cover in the native pasture treatment of
the C3/C4 field site.
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Figure 4-8 The basal cover of perennial grasses within each native pasture plot at the C3, C3/C4 and
C4 field site measured in December 2003. Dark grey bars indicate the basal cover of C4 perennials
T. triandra (C4 pasture) and B. macra (C3/C4 pasture). Black bars indicate the basal cover of M.
stipoides and light grey bars Austrodanthonia spp.

4.3.3 Soil water

4.3.3.1 Soil water in the upper profile (0 – 67.5 cm)
The pattern of available soil water through time when summed to a soil depth of 67.5
cm (maximum depth common for all plots) was found to differ significantly between
native and annual treatments at all sites. Soil moisture patterns differed mainly during
the dry-down phase of the annual hydrological cycle occurring from summer through to
the end of autumn in both years (Figure 4-9). Throughout this period, native pasture
treatments were significantly drier than Italian ryegrass treatments at all sites.

The maximum soil water deficit achieved by the C3 pasture occurred in late March
which was almost two months earlier than the C3/C4 and C4 field sites (Figure 4-9). In
April 2004 the native pasture reduced soil water levels in the upper profile to a
volumetric water content of 107 mm compared to only 166 mm by the Italian ryegrass a soil water deficit difference (SWDDIFF) of 59 mm. Over the same period, the C3/C4
native pasture treatment reduced soil moisture to 73 mm compared to 140 mm by the
Italian ryegrass pasture (SWDDIFF = 67 mm). The C4 pasture also reduced soil water to
73 mm compared to 159 mm by the Italian ryegrass (SWDDIFF = 85 mm). By the end of
April 2005, the conclusion of the experimental period, highly significant (though
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smaller) soil water deficit differences were present between treatments at all sites.
Native pasture at the C3, C3/C4 and C4 pasture field sites were 49 mm, 35 mm and 79
mm drier than Italian ryegrass treatments.
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Figure 4-9 Volumetric soil water content to 67.5 cm across the experimental period for the (a) C3
pasture, (b) C3/C4 pasture and (c) C4 pasture. The dashed line represents soil water beneath the
Italian ryegrass whereas the solid line is represented by the native perennial pasture. The grey line
indicates the upper limit to plant available water (PAW) as determined from laboratory measured
field capacity (FC, -10 kPa, Chapter 2).

In early summer 2004/2005 (Figure 4-9), the soil moisture beneath the native treatments
was higher (sometimes significantly) than the soil moisture beneath annual plots, as the
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annual treatment generally began drying the soil profile earlier. This also coincided with
2 months of greater than median rainfall.

Position on slope was found to be highly significant at the C3 field site with lower
positioned plots accumulating smaller soil water deficits. Position on slope was not
significant at the C3/C4 and C4 field sites though consistent plot variation that could not
be assigned to a particular treatment or landscape factor was present across the
experimental period.

4.3.3.2 Individual soil layers
Examination of individual soil layers for the C3 field site found that the pattern of soil
water use differed significantly between the native and annual plots at all depths.
However, at 120 cm significant differences in soil water content could not be identified
for any particular time (Figure 4-10). To 60 cm, soil water patterns reflected the pattern
presented in Figure 4-9(a) with the native pasture drying the soil much more than Italian
ryegrass. At 75 cm and 90 cm soil water content was greater in winter and spring (2003
and 2004) in the native compared to the annual treatment.

At the C3/C4 field site (Figure 4-11) soil water content was higher beneath the annual
treatment than the native treatment in all but the deepest soil layer (75 cm). However,
for approximately two months in late spring 2005 soil moisture in the native treatment
was significantly higher in the upper 45 cm of the soil profile. At 75 cm where the
native treatment showed greater soil moisture, the native treatment also showed greater
fluctuation in soil moisture compared to the annual treatment.

For all depths at the C4 field site (Figure 4-12), soil water content was least beneath the
native pasture treatment during summer and autumn. Soil water content under the
Italian ryegrass treatment exceeded that of the native pasture in the 15 cm soil layer in
November 2003, the 15 cm and 30 cm soil layers in November and December 2004 and
the 45 cm soil layer in December 2004. At 90 cm, soil moisture was significantly less
beneath the native treatment throughout the entire experimental period. Little
fluctuation of soil moisture existed in the annual treatment below 45 cm.
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Figure 4-10 Volumetric soil water content for each soil layer in the C3 pasture. Dashed line
represents annual pasture, solid line represents native perennial pasture. Stars indicate dates of
measurement where significant differences (twice the standard error) existed between the pastures.
Not all dates of measurement have been presented.
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Figure 4-11 Volumetric soil water content for each soil layer in the C3/C4 pasture. Dashed line
represents annual pasture, solid line represents native perennial pasture. Stars indicate dates of
measurement where significant differences (twice the standard error) existed between the pastures.
Not all dates of measurement have been presented.
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Figure 4-12 Volumetric soil water content for each soil layer in the C4 pasture. Dashed lines
represent annual pasture and the solid lines represent native perennial pasture. Stars indicate
dates of measurement where significant differences (twice the standard error) existed between the
pastures. Not all dates of measurement have been presented.

4.3.4 Green leaf area index (GLAI)
All data was square-root transformed to improve normality prior to analysis but raw
data has been presented in Figure 4-13. Peak green leaf area index (GLAI) for Italian
ryegrass occurred in early October (Figure 4-13a) at the C3 field site with little
remaining by the beginning of February. Peak GLAI for the native treatment was
recorded approximately 3 weeks after the annual treatment. The period of time that
GLAI was greater than 0.5 was longer in the native grass treatment extending for
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approximately 5.5 months compared to 3 months in the Italian ryegrass treatment. For
most of the experimental period with the exception of autumn/winter 2004 the C3 native
pasture maintained some green leaf area index even if very small.
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Figure 4-13 The green leaf area index (GLAI) of the native pastures (solid line) and the annual
pastures (dashed line) at the (a) C3 pasture, (b) C3/C4 pasture and (c) C4 pasture. GLAI was not
collected for annual pasture prior to July 2004.
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At the C3/C4 field site (Figure 4-13b), maximum GLAI was reached in late September
2004 by the Italian ryegrass treatment and early November by the native pasture
treatment. GLAI was greater than 0.5 for less than 3 months in the Italian ryegrass
treatment but maintained a small amount of green up until March/April 2005. The
native pasture retained a GLAI of greater than 0.5 from the beginning of September
2004 through until January 2005. Following this period, the native pasture maintained a
significantly higher GLAI than the annual pasture to the end of the experiment.

At the C4 field site, peak GLAI in the annual treatment occurred at the beginning of
October 2004 whereas the native treatment peaked in late December (Figure 4-13c).
The Italian ryegrass treatment was very short lived at this field site despite having no
grazing pressure from September through to late December 2004 (see Figure 4-4). By
late December 2004, the annual treatment had completely senesced having only
achieved a GLAI of greater than 0.5 for approximately 2 months. The native pasture
treatment in comparison had a GLAI of greater than 0.5 for more than 3.5 months with
at least half of this occurring in summer. GLAI rose to approximately 0.5 again for a
brief period at the end of February in response to summer rain before dropping back to
0.2 which it maintained to the end of the experiment.

4.3.5 Phenology
The timing of phenological stages in Microlaena stipoides (a) and Austrodanthonia spp.
(b) was very similar at the C3 field site (Figure 4-14). Both species had the main
flowering period in mid to late spring with a small secondary flowering in late
summer/autumn. M. stipoides (a) and Austrodanthonia spp. (b) also showed very
similar rates of phenological development at the C3/C4 field site (Figure 4-15) though
the second flowering in late summer/autumn was more pronounced.
Bothriochloa macra (Figure 4-15c) only had a very small proportion of its
inflorescences mature to the post-reproductive phase throughout the experimental
period. Typically upon ear-emergence, plants were found infected by a systemic
flower-infecting smut assumed to be Sporisorium amphilophis (Syd.) Langdon &
Fullerton (García-Guzmán et al. 1996) which is common to the region. This smut
causes the entire reproductive structures within the seed head to be replaced with a
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spore mass preventing reproduction. This disease prevented all but a few plants from
producing seed though generally the plants would continue in reproductive development
until either temperature or soil moisture limited growth.
Themeda triandra in the C4 field site exhibits determinate flowering (Groves and
Whalley 2002). This is shown by the single peaks for each phenological phase in
Figure 4-16. In both years, inflorescences all appeared to enter anthesis and ripen
within a small period as indicated by the steepness of the curves.
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Figure 4-14 The percentage occurrence of plants found in the early reproductive (solid line) and the
late reproductive (dashed line) phenological stages for (a) Microlaena stipoides and (b)
Austrodanthonia spp. in the C3 pasture during the Farm experiment.
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Figure 4-15 The percentage occurrence of plants found in the early reproductive (solid line) and the
late reproductive (dashed line) phenological stages for (a) Microlaena stipoides, (b) Austrodanthonia
spp. and (c) Bothriochloa macra in the mixed C3/C4 pasture during the Farm experiment.
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Figure 4-16 The percentage occurrence of plants found in the early reproductive (solid line) and the
late reproductive (dashed line) phenological stages for Themeda triandra in the C4 pasture during
the Farm experiment.

4.3.6 Root distribution
Root occurrence within the C3 field site differed significantly both with soil depth and
pasture type. The native pasture had significantly (P <0.05) more roots to a depth of 70
cm (Figure 4-17). There was also a significant plot effect (P <0.05) throughout the
experiment. For the total occurrence of roots to 30 cm, 60 cm and the total profile, the
native pasture had significantly (P<0.001) more roots than the adjacent annual pasture
though position on slope was also significant (P<0.001) with plots lower on the slope
having significantly more roots than upper plots. Annual and native treatments did not
differ significantly in the maximum rooting depth achieved or in the overall root
distribution when described as beta root distribution functions (dashed line in Figure 418). However, position on slope was highly significant (P<0.001) in both analyses with
lower plots exhibiting deeper average root profiles (93 cm) and a higher proportion of
the root occurrence at depth compared to upper plots (65 cm).
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Figure 4-17 Average root counts in each 10 cm soil layer (grey bars) and their associated root
distributions (dashed line) as calculated from cumulative root fractions and the asymptotic root
distribution function Y = 1-βd for both the native and annual pasture treatments at the C3 pasture
field site. Stars indicate soil depths where significant differences (twice the standard error) between
pasture types exist.

At the C3/C4 field site, the occurrence of roots differed significantly with depth and
pasture type though no significant interaction existed between these factors as the native
pasture only possessed significantly more roots in the 20 cm and 40 cm soil layers
(Figure 4-18). No significant differences were found between annual and native
pastures for total root occurrence to 30 cm, 60 cm or the total soil profile. Significant
differences (P<0.05) did exist for both rooting depth and beta values with the native
pasture treatment possessing a deeper average root depth and a higher beta value. Both
terms indicate that the native pasture had a higher root occurrence deeper in the soil
profile which can be seen in Figure 4-18.

Root occurrence varied with soil depth at the C4 field site however, no significant
differences existed between the two pasture types (Figure 4-19). Root occurrence in
the upper 30 cm, 60 cm and total profile did not differ between the pastures though
there was a significant plot effect (P<0.05). No significant differences were found in
average rooting depths, nor their beta values. There was also no difference between
positions on slope of plots.
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Figure 4-18 Average root counts in each 10 cm soil layer (grey bars) and their associated root
distributions (dashed line) as calculated from cumulative root fractions and the asymptotic root
distribution function Y = 1-βd for both the native and annual pasture treatments at the C3/C4
pasture field site. Stars indicate soil depths where significant differences (twice the standard error)
between pasture types exist.
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Figure 4-19 Average root counts in each 10 cm soil layer (grey bars) and their associated root
distributions (dashed line) as calculated from cumulative root fractions and the asymptotic root
distribution function Y = 1-βd for both the native and annual pasture treatments at the C4 pasture
field site. Stars indicate soil depths where significant differences (twice the standard error) between
pasture types exist.
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4.4

Discussion

Both years were exceptionally dry for the region with well below average rainfall and
season-breaking rain events occurring approximately two months late (Figure 4-4).
These exceptionally dry conditions most likely ensured that soil moisture deficits were
the maximum achievable under the current management regimes for both native and
annual pastures. In years of more average rainfall, these differences may not have been
so pronounced.

The results from this study contribute towards answering some key questions associated
with the hydrology of native pastures in the high rainfall zone and these are discussed
below.

4.4.1 How does pasture composition impact on soil moisture in the high rainfall
zone of south-eastern Australia?
Composition was confounded by location in this experiment. Though minimised as
much as possible to enable general discussion across the field sites, differences
particularly in management and soil depth, and statistical considerations prevent
outright comparison. Soil water deficit differences (SWDDIFF) between native pastures
at each field site are discussed in relation to the Italian ryegrass control.

Composition with respect to perennial content had a major impact on the soil water
dynamics beneath all the pastures. At all locations, the native perennial pasture created
a considerably larger soil water deficit than the annual ryegrass pastures, supporting the
general consensus that perennials create a larger soil water deficit than annuals (Carbon
et al. 1982; Ridley et al. 1997; Sandral et al. 2006).

The SWDDIFF for the C4 native pasture appeared greater than the other native pastures
reaching 85 mm in the first season. The C4 pasture was also the only native pasture to
have significantly lower soil moisture levels compared to Italian ryegrass beyond 67.5
cm. These findings compliment those by Hughes et al. (2006) who also found that a
larger C4 grass component (Bothriochloa macra and Themeda triandra) resulted in
consistently greater maximum soil water deficits.
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Little fluctuation of soil moisture was found below 45 cm (Figure 4-13) in the annual
treatment at the C4 field site suggesting that the uptake of soil moisture from deeper
layers by Italian ryegrass (despite the presence of roots) was low as was the infiltration
of rainfall to these depths. Given the strongly duplex structure of these soils, this is
highly possible as hydraulic conductivity would have been slower in the heavy, massive
structured B horizon (see Table 2-1).

The deeper soil layers of the C3 and C3/C4 field sites also showed less fluctuation of soil
moisture under the annual treatment. Soil moisture increased under the native
treatments below 60 cm whereas the annual pastures did not (Figures 4-10 and 4-11).
As this increase in soil moisture occurred in late winter, it could be suggested that it was
not a result of greater uptake by the annual treatments but increased infiltration of water
beneath the native treatments.

Whilst the C3/C4 native pasture created a large SWDDIFF in the first season (67 mm), it
was much smaller in the second (35 mm, Figure 4-9). This is most likely due to the
high GLAI during spring 2004 in the C3/C4 Italian ryegrass treatment (Figure 4-13).
The pattern of soil water deficit through time for the C3/C4 native pasture was similar to
that produced by the C4 pasture. However, given the size of the C3 pasture SWDDIFF, the
presence of Bothriochloa macra (C4) was not observed to increase the size of the
SWDDIFF. The most likely reason for the lack of a perceived increase in soil water
deficit compared to Italian ryegrass is that the population of Bothriochloa macra was
too low to provide a detectable increase in soil water deficit. On average, Bothriochloa
macra comprised only 20% of native pasture biomass at the C3/C4 field site. A removal
study may have been useful to better determine how changing the abundance of such
species affects pasture water use.

Soils at the C3/C4 field site were much shallower compared to other pastures (Table 4-1)
and soil bulk density was higher below 30 cm compared to the C3 field site (Chapter 2).
Bothriochloa macra roots have been recorded to a soil depth of 175 cm (Lodge and
Murphy 2006). Restrictions in Bothriochloa macra rooting depths may have occurred at
the C3/C4 field site due to the above soil factors potentially limiting water uptake.
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Another possible reason for the lack of perceived increase in soil water deficit may be
due to the health of the Bothriochloa macra population. Infection with the floral smut
Sporisorium amphilophis (Syd.) Langdon & Fullerton has been found to affect plant
fitness and competitive ability impacting on plant morphology, particularly height and
smaller effects on basal diameter (García-Guzmán et al. 1996). The mechanism for
infection is unknown and not all plants in a sward are affected. Though the smut is not
fatal, plants remain infected for their entire life and it is likely that this disease has
existed within the C3/C4 native pasture for a long time. Given that it affects the ability
of the species to produce seed and thereby regenerate, it is also possible that the C3/C4
Bothriochloa macra plants are quite old. A decline in health and vigour is expected as
perennial grasses age (Cole and Johnston 2006) potentially reducing competitive ability
and water uptake. However, there is no evidence that this smut reduces the potential
leaf area or rooting capacity of the species and therefore it must be assumed that water
use is not directly affected.

4.4.2 How was rainfall partitioned at these sites?
As soil water content only was measured in this study it was not possible to identify
precisely how rainfall was partitioned (into run-off, drainage and ET). As sites were
positioned on slopes between 6-12%, run-off and sub-surface lateral flow were likely to
be a factors. Due to the tilling and sowing of annual plots at each site, these plots
retained considerably less mulch material on the surface compared to the adjacent native
pastures. Treatments therefore differed in species content, biomass levels and
groundcover. Hughes et al. (2006) found that pasture herbage mass and groundcover
contributed most to explaining the amount of run-off recorded but not the functional
type of grass within the plot. Murphy and Lodge (2001b) found that during a rainfall
event in September 1998, run-off increased from 2.1 to 30 mm in native pastures as drymatter and cover decreased from 3000 kg DM ha-1 and 90% groundcover to 1500 kg
DM ha-1 and 50% groundcover.

Dunin and Passioura (2006) suggest that summer dominant native pastures may produce
greater run-off than productive annual pastures based on work previously carried out in
ungrazed catchment studies (Dunin and Downs 1962; Dunin 1970). Lack of winter
activity in C4 pastures coupled with the thatching of senesced dry matter maintains
surface soil moisture near field capacity through winter limiting infiltration and
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increasing run-off during winter rainfall events. Conversely, a hydrologic gradient is
created in the surface soil of winter active annual species, increasing infiltration and
reducing run-off.

In this experiment it is possible that both these conflicting factors were occurring. The
soil moisture patterns outlined above for the C3 and C3/C4 field sites (Figures 4-10 and
4-11) suggest that greater partitioning to run-off due to lower groundcover and biomass
was the more prominent process in the annual plots. At the C4 field site, little difference
in infiltration was evident between pastures (Figure 4-12) suggesting that increased runoff in the native pasture due to thatching may also have occurred.

Differences in the partitioning of evapotranspiration is also likely to have affected the
water balance as a greater proportion of soil moisture would be lost as soil evaporation
rather than transpiration due to reduced groundcover in the annual plots (Murphy and
Lodge 2001a). Installation of a system to measure other water balance factors (e.g. runoff and transpiration) would have assisted in determining the degree to which these
processes occurred. Opportunities exist in future studies to better clarify factors
impacting on the partitioning of rainfall in native pastures.

4.4.3 What plant characteristics are linked to the creation of larger maximum
soil water deficits?
In addition to partitioning a greater proportion of rainfall to run-off, Dunin and
Passioura (2006; see also Johnston et al. 1999) suggest that C4 native perennial pastures
(particularly T. triandra) would use more soil water due to their summer activity and
deeper roots.

4.4.3.1 Root distribution
Though deep roots have been reported as one of the main reasons why perennials use
more soil water than annuals (Singh et al. 2003; White et al. 2003), limited supporting
evidence was found in this study. Maximum root depth for both annual and perennial
pastures did not differ significantly at any field site although presence of bedrock
limited measurements at depth. Increased root occurrence was evident in the C3 native
pasture compared to the annual treatment and the C3/C4 native pasture had a
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significantly greater fraction of roots at depth. However, the C4 native pasture which
produced the greatest difference in soil water deficit and the only pasture to show
increased water use below 67.5 cm did not show any significant differences to the
annual grass treatment in any of the root characteristics tested.

A number of possible reasons exist for why root distributions did not differ at the C4
field site including that there really was no difference in the rooting characteristics of
the two species or as detected from the coarse scale of measurement used. The massive
nature of the subsoil coupled with limited soil depth to 120 cm may also have
constrained the capacity of the T. triandra roots as suggested previously for the C3/C4
field site.

A third possibility is that the Italian ryegrass was able to use the well established
biopores from the previous T. triandra stand to explore the soil profile. All were
permanent pastures prior to study and this would most likely ensure the presence of
perennial roots in all soil water preferential flow paths down the soil profile. This
concentration of roots in soil cracks was particularly evident in the C4 pasture during
neutron moisture meter calibration. Though dicotyledonous plants are generally found
to be more successful at modifying subsoil pore size distribution (“biological drilling”,
Yunusa et al. 2002), it has also been suggested that being perennial is the most
important attribute as roots are present throughout a range of soil moisture conditions
(Cresswell and Kirkegaard 1995). Examination of the root systems of these species on
deeper, less hostile soil types would assist in determining the potential rooting capacity
of these species.

4.4.3.2 Summer activity
The annual pattern of GLAI production was more valuable as a basis for comparison
than the actual amount of GLAI produced at any one time given the different
management regimes and stocking rates imposed at each field site. Unavoidably, some
selective grazing of the Italian ryegrass treatment occurred due to its higher palatability
(Archer and Robinson 1988) and less standing dead present within the pasture.
Regardless, pastures were not overgrazed at any site on the basis of residual biomass
reported in Figures 4-5 to 4-7 and confidence can be had that seasonal GLAI patterns
were mostly a reflection of the species not the management.
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The timing of peak green leaf area index was found to be a distinguishing factor
between field sites. Whilst all annual treatments peaked at similar times, native pastures
varied. The C3 native pasture peaked first in mid spring followed shortly after by the
C3/C4 native pasture and lastly the C4 native pasture in early summer. Dunin and
Reyenga (1978) reported a similar peak GLAI of 1.2 and a similar GLAI pattern for T.
triandra to that observed in this study. Peak GLAI of the Italian ryegrass was only
lower than the native pasture at the C4 field site. It is possible that soil water use was
reduced as a consequence. At the C3/C4 field site, Italian ryegrass had a much higher
peak in GLAI than the adjacent native pasture. Though the difference in soil water
deficit was reduced as a consequence, a significantly greater soil water deficit was still
created beneath the native pasture.

All perennial pasture treatments maintained green leaf area for months longer than
annual treatments. Also, GLAI increased in native treatments on rainfall in late summer
to autumn after Italian ryegrass had died. This longer period of the GLAI maintenance
(not necessarily production) gave the native perennial pastures greater opportunity for
transpiration reducing then maintaining soil moisture at very low levels until winter
rainfall occurred as shown by their delayed return to field capacity compared to Italian
ryegrass in Figure 4-9.

4.4.3.3 Adaptation
All field sites were generally of low fertility (Table 2-2) though phosphorus levels at the
C3 field site were adequate (Colwell P = 31 mg kg-1). Management was in favour of the
native pastures with minimal superphosphate administered during the experimental
period and no addition at the time of sowing potentially affected the growth of Italian
ryegrass.

Soils were highly acidic (pH 4.2 to 4.7, 0-10 cm) and had exchangeable aluminium
levels (4.7% to 26.7%) that were potentially toxic to Italian ryegrass. Rengel and
Robinson (1989) showed for Italian ryegrass (Lolium multiflorum) that root and shoot
dry weight decreased with increasing levels of aluminium though this differed between
cultivars. The C3 field site was acidic at depth (pH 4, 10-30 cm, Table 2-2) causing
additional stress for Italian ryegrass. A possible reason for the difference in water
uptake to 67.5 cm and root occurrence between treatments is thought to be the higher
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level of adaptation to acidic, low fertility soils by the native species. Despite Italian
ryegrass’s lower level of adaptation to acid soils, its high vigour and longer leaf
longevity is likely to mean that soil water use by the species was comparable if not
greater than annual species endemic to the immediate area. Therefore, the recorded
differences in soil water deficit (SWDDIFF) between annual and perennial pastures
across all field sites can be considered realistic.

4.4.4 What is the influence of management on soil water dynamics?
It is evident from this study that management techniques that maximise the period of
GLAI production or maintenance are most likely to increase soil water deficits. Hughes
et al. (2006) found that tactical grazing significantly increased C4 perennial grass
herbage mass (increasing GLAI) and maximised soil water deficits. However, a second
factor also affected this outcome for not only did GLAI increase but native perennial
grass basal cover almost doubled (Hughes pers. comm. July 26, 2006). Clearly,
management techniques that improve the competitive ability of native perennial grasses
(evident in increased basal cover) will increase abundance, lengthen the duration of
sward GLAI and increase potential water use.

Regardless of the techniques employed at the Farm experiment, management was
adequate at each site to retain a high proportion of perennial species in the sward. Low
stocking rates (3-6 DSE ha-1) and poor soil nutrition made for an environment where
perennial species were able to compete successfully with many invading exotic annuals,
particularly for the C4 native pasture.
Composition and basal cover results for this study show that at all field sites, the native
pastures had a very high content of native perennial grasses. The C3 and the C3/C4
pastures possessed similar perennial grass basal covers, reaching 0.35 and 0.33 m2 m-2
respectively and the C4 pasture was higher at 0.50 m2 m-2. This was most likely near the
upper limit in basal cover for mixed and monoculture native perennial pastures.
The high basal cover values recorded may be a consequence of the technique as the
method outlined by Virgona and Bowcher (2000) has not been compared to standard
methods of measuring basal area. However, basal areas of 0.32 were reported in a
nearby study for unfertilised native pastures of the same composition to the C3 pasture
(Hill et al. 2004). Huber-Sannwald et al. (1996) found that maximum basal area was
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significantly greater when grown in monoculture for some perennial grasses. The C4
pasture was effectively a monoculture of T. triandra given that only minor, ephemeral,
inter-specific competition was experienced. Due to the high perennial content in all
native pastures within the study, the influence of perennial abundance on soil water use
was not clarified. It is still unclear what impact reduced perennial basal cover has on
water use in these pastures and this needs to be investigated further to have any value to
management.

High levels of continuous grazing has been shown to impact on rooting characteristics
(Hodgkinson and Baas Becking 1977; Harradine and Whalley 1981; Chaieb et al. 1996)
though evidence for this has been mixed and related to both the response of the
perennial grass to the grazing management technique and subsequent changes in pasture
composition (Lodge and Murphy 2006). Management techniques that maximise overall
plant production should minimise the impact on root production benefiting soil water
use. The management techniques necessary to achieve increased herbage mass, basal
cover, competitive ability and rooting depth are likely to be similar. For example, longer
grazing intervals resulted in increased basal cover in Austrodanthonia spp. (Virgona and
Bowcher 2000) and greater soil water deficits (Virgona and Southwell 2006). Though
all pastures were grazed differently, all would have most likely experienced long
periods without grazing. Even in the continuously grazed C3/C4 pasture, stocking was
sufficiently low for grazing of the area to be intermittent. As a result, management was
unlikely to be a limitation of water use in this experiment.
Lodge et al. (2003) found that increasing pasture fertility (through the incorporation of
fertilisers and sub-clover) increased the amount and period over which green leaf was
retained, increasing water use. However, the pasture was almost entirely composed of
Bothriochloa macra (Lodge et al. 2003) where the opportunity for annual grass
competition was likely to be low. Sub-clover was present across the Farm experiment
and increased fertility was a possible management option to increase productivity. In a
paired-paddock study, Hill et al. (2004) observed that increased phosphorus increased
overall production but reduced basal area of native perennial grasses. Such trends were
also likely to occur at the Farm experiment, potentially reducing water use with
increasing annual dominance. Increased fertility may only be a suitable option in
pastures of very high native pasture content or low annual grass seed bank.
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4.5

Conclusion

Native perennial pastures created maximum soil water deficits 35 to 85 mm greater than
Italian ryegrass for field sites at Bookham in the high rainfall zone in south-east New
South Wales. Given the exceptionally dry seasons that occurred over the experimental
period and the high native perennial grass content of the pastures, it is likely that the soil
water deficits recorded were near potential for these pasture types in this region. Soil
water deficit differences of this magnitude are likely to have a major impact on recharge
across the region.

Soil conditions limited differences in root distribution meaning that responsibility for
soil water deficits were most likely associated with aboveground factors. The largest
soil water deficits were created beneath the C4 pasture and were attributed largely to the
pasture having the highest level of summer activity shown by a peak in green leaf area
index in December. Native perennial pastures all maintained green leaf for
considerably longer periods compared to annual species prolonging the opportunity for
transpiration and enabling greater response to summer rainfall. Adaptation to acidic soil
conditions was also considered an important factor for increasing water use.

Given soil water deficits and basal cover were considered near potential for these
communities, a better understanding of the relationship between native perennial grass
abundance and water use is now necessary to determine the affect of lower abundance
levels on water use and may be required for remediation purposes. The impact of key
species within these communities on water use and water balance partitioning, also
requires further investigation.
The comparison of native perennial pastures in situ was limited by landscape, soil,
climate and management factors in this study. A method that statistically compares
these complex communities successfully still needs to be found. Given the intricacy of
this task, modelling may be a suitable option as it provides the opportunity to compare
native pasture water use at the same time and location and at a scale where small
differences are likely to be noticeable. However, adequate descriptions of both the
species involved and abundance factors are required for this to be of any value.
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Chapter 5. The soil water relations and canopy characteristics
of Bothriochloa macra and Austrodanthonia spp. planted at
varying densities

5.1

Introduction

Dryland salinity has arisen through an imbalance in landscape hydrology. Increasing the
abundance of perennial plants with a greater capacity to utilise large amounts of soil
water within the landscape is seen as the best way to correct this hydrological imbalance
and mitigate associated environmental problems (Passioura and Ridley 1998). In the
high rainfall zone of south-eastern Australia, the enhancement of native perennial grass
abundance is seen as one of only few options to increase perenniality, yet little is known
about their water use characteristics.
A limitation of previous studies has been that native pastures have been termed
“perennial pastures” when only a very small proportion of perennial species were
present (e.g. Ridley et al. 2003). It has not yet been determined what perennial grass
abundance levels need to be present within a pasture to be “functionally perennial”, that
is, to have a noticeable impact on soil water use compared to an annual pasture. In
‘improved’ pastures, Taylor and Clifton (1993) state that phalaris populations of 8 to 12
plants m-2 and cocksfoot populations of 15 to 20 plants m-2 was considered ‘adequate’ in
the 400 to 600 mm rainfall zone but offered no justification for those values. At very
low abundance levels, the perennial component of a pasture may be functionally
insignificant. It is therefore important to understand how abundance impacts on soil
water use and to determine what abundance levels are required to achieve a functional
perennial pasture in terms of its hydrology.
The relationship between species abundance or density and water use has received little
attention. The effect of density has been identified in agroforestry plantations where
planting density significantly influenced soil water use in terms of the rate of use, the
depth of use in the soil profile and the minimum soil moisture levels achieved (Eastham
et al. 1990). In a study that examined planting density in Austrodanthonia spp.,
Murphy (2002) found that the rate of soil drying was faster beneath treatments of higher
density though soils only reached slightly drier levels compared to low densities. When
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investigating the influence of planting density on water use in Lucerne (Medicago
sativa), it was discovered that beyond a threshold planting density, the influence of
density on soil water tended to plateau (Virgona 2003).
Pasture composition impacts greatly on the soil water use (e.g. Hughes et al. 2006;
Ridley et al. 2003) yet few native species have been examined for their water use
capacity. It has been suggested that grasses possessing the C4 photosynthetic pathway
contain more of the physiological characteristics connected to higher water use
(Johnston 1996; Johnston et al. 1999). C4 grasses have been shown to have higher
water use capabilities under increased vapour pressure deficits (Kawamitsu et al. 1987).
They also have high CO2 assimilation rates per unit of leaf area (Ghannoum et al. 2001)
giving them greater potential dry matter yields, water use efficiency and total water use
(Singh et al. 2003). In addition, the above characteristics allow C4 grasses to grow later
into summer when potential transpiration levels are at their highest. Despite this, the
pasture plants most commonly recommended for increasing soil water use, Medicago
sativa and Phalaris aquatica (Lolicato 2000; Passioura and Ridley 1998) both possess
the C3 biochemical pathway.
The aim of this chapter was to examine the relationship between abundance (through
planting density) and the soil water use of Bothriochloa macra and Austrodanthonia
spp. on a red Kandosol. These species were chosen due to their high prevalence in
south-eastern Australia and their contrasting photosynthetic pathways (C4 and C3
respectively). For comparison, Italian ryegrass was also included as a control. Plant
characteristics relative to water use (GLAI, biomass, basal cover, phenology) were
examined across the experimental period to help explain why different soil water
patterns occur when species type and abundance are varied.

5.2

Methods

5.2.1 Experimental design
From July to October 2002, two native perennial grasses, Bothriochloa macra and
Austrodanthonia spp. were collected from a nearby reserve and, in a randomised block
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design planted into plots (3 m x 3 m) at four densities during December 2002. The
experiment consisted of ten treatments replicated four times and is described in detail in
Section 3.3. For simplicity, the Bothriochloa macra treatments will be referred to as
4B, 9B, 16B and 25B according to their planting densities of 4, 9, 16 and 25 plants m-2
and the Austrodanthonia spp. treatments referred to as 4D, 9D, 16D, and 25D for the
same reason.
The two additional treatments included in the experiment were an Italian ryegrass
(Lolium multiflorum c.v. Winter star) control and a mulch control. The mulch control
was added to better understand the extent of soil water loss in the absence of vegetation,
to reduce the number of weeds and evaporation from the soil surface (factors affecting
soil water content). Rice hulls were chosen for this purpose due to the large volumes
required, low cost and its relatively inert properties and was spread across all treatments
to a thickness of 2.5 cm with exception of the Annual treatments due to the treatments
being re-sown annually.

5.2.2 Maintenance
Mulch was reapplied when thin patches became evident. This occurred approximately
four times during the experimental period and mostly in summer. Weeds were removed
to prevent competition with grasses and interference with root measurements (Chapter
6). Broadleaf weeds were controlled in late winter to spring (twice in 2004, once in
2005) through the application of the selective herbicide, Camba M™ (Dicamba, 80g L-1
and MCPA, 340g L-1) at 1.7 L ha-1 and grass weeds were removed by hand.

5.2.3 Climatic data
Climatic data over the period was obtained from a weather station 500 m from the field
site. This provided daily measurements for rainfall, soil and air temperatures, radiation
and wind speed. Pan evaporation data were supplied by the Wagga Wagga Agricultural
Institute in NSW and patch-point data (QDNRM 2000) used to fill any missing values.
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5.2.4 Irrigation
The majority of this study was conducted under conditions of well below average
rainfall and both autumn seasons failed to provide sufficient rainfall for a wet winter
break. Irrigation was used to replenish the soil profile to ensure that all treatments had a
similar starting point in terms of soil moisture at the beginning of the drying cycle from
spring through to autumn. The experiment was irrigated in both June 2003 and June
2004. Irrigation was applied a replicate at a time using a regulated dripper system with
a flow rate of 17.5 mm of water per hour in June 2003 (340 mm) and June 2004 (200
mm). To ensure grass survival over the re-establishment period, a travelling irrigator
was used prior to transplanting and throughout the first summer (2002/2003).

5.2.5 Soil water
In August 2003 aluminium neutron moisture metre access tubes were installed to a
depth of 2 m in the centre of each plot. A description of the soil type and the
installation, calibration and measurement of the neutron moisture metre technique can
be found in Chapter 2.
Neutron moisture meter count data were collected monthly and volumetric soil moisture
(mm) calculated (Chapter 2). To make these measurements relevant to plant growth,
volumetric soil moisture was converted to a measure of available water by subtracting
the permanent wilting point (Section 2.4.2) for each soil layer. Air-filled porosity was
used as the upper limit to soil moisture when determining soil water deficits. Field
capacity, though measured was not used as the upper limit as the method of irrigation
was such that water application rates were greater than soil hydraulic conductivity in
deeper soil layers resulting in volumetric water contents momentarily greater than field
capacity following irrigation.

5.2.6 Aboveground measurements
Basal cover, phenology, green leaf area index (GLAI) and biomass were all measured
monthly using the methods outlined in Chapter 2. Where possible, two plants per plot
were harvested for GLAI and biomass measurements. Where it was not easily possible
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to differentiate individual plants (high density Bothriochloa macra plots in peak
production), or not appropriate (annual plots), two randomly placed 0.1 m2 round
quadrats were harvested instead.
A strict protocol was followed in order to prevent the biased selection of plants for
harvest as variation in plant size and green leaf content sometimes existed. Plants were
scored by the amount of green leaf they possessed on a scale of 1 to 5 with 5 being the
plant containing the largest amount of green leaf for the plot. Two plants of score 3
representing the median for the plot were then harvested to an approximate height of 2.5
cm and processed according to Chapter 2. No plants were ever scored or harvested
within 30 cm of the plot edge where “edge effects” were evident, particularly in
summer.
Once the above measurements were collected, plots were cut to a height of 2.5 cm using
a lawnmower and excess biomass removed from the plot. Italian ryegrass was only
measured in the second season of the experimental period as prevailing drought
conditions resulted in slow establishment in the first year.

5.2.7 Statistical analysis

5.2.7.1 Linear mixed modelling to test experimental outcomes
Prior to statistical analysis, the aboveground data: basal area, GLAI and biomass all
underwent square-root transformation to normalise residuals. Linear mixed modelling
using residual estimated maximum likelihood (REML) was the chosen method of
analysis for the experiment and the technique and the reason for its use is described in
Chapter 2. The model terms fitted to describe all soil moisture data are summarised in
Table 5-1 located in the results section. All REML analyses produced such a table and
Section 2.7 contains an explanation of the technique. All soil moisture models contained
the same random and fixed terms. Changes in REML log-likelihood deviances, Wald
statistics and P values are also reported for the entire soil profile (0 to 180 cm) in Table
5-1.
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Due to the inclusion of both an annual control and a mulch control, the intercept level
“ftype” was introduced. This level was necessary to allow the analysis of both control
treatments simultaneously and simply differentiates between annual, perennial and
mulch treatments. All data collection dates were included in the soil water analysis
though only key dates have been presented in the results.
Soil moisture was analysed both summed over the entire soil profile and also partitioned
into three layers based on the root distribution of the annual control. The annual
treatment was chosen as rooting depth and distribution differed between perennial
species and planting densities (Chapter 6). The three zones were termed the upper
annual root zone (containing 90% of roots, 0 to 67.5 cm), the maximum annual root
zone (67.5 to 110 cm) and below the annual root zone (110 to 180 cm). These zones
also matched soil textural horizons (see Table 2-1) and the neutron moisture meter
calibration curves (Section 2.3.2.1). Neutron moisture meter measurements collected at
15, 30, 45 and 60 cm comprised the upper annual root zone (0 to 67.5 cm), the 75 and
90 cm soil layers comprised the maximum annual root zone (67.5 to 110 cm) and the
120, 150 and 180 cm measurement layers comprised the below the annual root zone
(110 to 180 cm).

5.2.7.2 Regression analysis of factors influencing soil water content
To further investigate how plant and climate factors related to soil water use in this
experiment, multiple regression analyses were conducted using data collected
throughout the experiment. To find the “best” regression model amongst the parameters
observed an ‘all subsets regression’ was carried out in Genstat (VSN International Ltd
2005) followed by multiple regression.
In preparation for the regression analyses, the aboveground attributes GLAI, basal area,
biomass and the percentage of plants in early reproductive stages (stem elongation to
anthesis) were predicted at the start of each month for each treatment using linear mixed
modelling. The change in soil water content across each month was then calculated for
the 0 to 67.5 cm, 67.5 to 110 cm and 110 to 180 cm soil layers as well as for the entire
soil profile (0 to 180 cm). The average maximum air temperature and rainfall, radiation
and pan evaporation were also included for each month.
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Only estimates of the above parameters that occurred during months when soil moisture
was being depleted (October to May) in both years of the experiment were required for
analysis. Months where data collection was not carried out for all measured attributes
(mostly 2003) were excluded as were annual and mulch treatments. Original planting
density was not used as this was thought to be more accurately accounted for by basal
cover.
A correlation matrix was initially generated to ensure that no collinear parameters were
included in the analysis as this has been shown to cause error (Quinn and Keough
2002).

In these instances, the parameter with the greatest association to soil water use

was chosen. More than one combination of parameters can create a “best” model and
therefore, some discretion was necessary to determine the biologically most appropriate
combination of parameters (Quinn and Keough 2002).
According to Quinn and Keough (2002), the Bayesian or Schwarz information criterion
(SIC) is the better criterion for determining the model that best fits the data with the
fewest number of parameters. This is because it penalises models with greater numbers
of parameters more harshly and adjusts for sample size. This technique was therefore
chosen as the basis for model evaluation in all subsets regression where the smaller the
value in the SIC method, the better the model. Additionally an adjusted coefficient of
determination (r2) value was produced. This technique also takes into account the
number of predictors by using mean squares in replacement of sums of squares in its
calculation (Quinn and Keough 2002) and was found to fluctuate in accordance with the
SIC values. As r2 was also used in the multiple regressions detailed below, the adjusted
r2 has also been reported.
A multiple regression with groups was run on the best model produced by the all
subsets regression to refine the model based on the significance of species interactions.
This was also carried out to check for residual normality and the significance of the
constant as it was discovered that the all subsets regression did not do so.
Some parameters such as GLAI are difficult to measure non-destructively, rapidly and
inexpensively and could not be easily assessed by land managers. It was decided,
therefore, to report the regression when this measurement was substituted for a
potentially a less appropriate but easier to measure parameter (i.e. biomass).
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5.3

Results

5.3.1 Rainfall
In both 2004 and 2005, well below average rainfall was received in autumn delaying the
autumn break until June in both years (Figure 5-1). In fact, monthly rainfall only
exceeded average rainfall on 4 months over the 2 year period and was less than half the
average rainfall on approximately 11 of those months.

Rainfall/Pan evaporation (mm)

300
250
200
150
100
50
0
Ju n 0 3

O ct 0 3

F eb 0 4

Ju n 0 4

O ct 0 4

F eb 0 5

Ju n 0 5

Figure 5-1 Monthly rainfall received between July 2003 and July 2005 at the Density experiment
field site in Wagga Wagga, NSW (Columns). Monthly pan evaporation (― ― ― ― ); Long-term
average monthly rainfall (—————).

5.3.2 Soil moisture
Underlying non-linear seasonal trends for soil moisture were present in all treatments
and all soil layers as indicated by the significance of the Spline(days) term in Table 5-1.
The random spline terms were significant throughout all analyses though the
significance of fixed terms varied between soil depth zones. Throughout the experiment
rep.plot effects were a major component of the estimated variance (shown by a large
REML log likelihood value in Table 5-1). This indicated that there was a large degree
of heterogeneity throughout the experimental site. A tree located 28 m southeast of the
experimental area influenced soil moisture beneath the nearest plots. To mediate its
influence on the results, the distance from the tree base to the centre of each plot was
calculated and used as a covariate in the analysis. Even with the inclusion of this
covariate, the rep. plot interaction still made up a large component of variance in all soil
moisture analyses.
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Distance from tree was found to have significant influence (Table 5-1) on soil water in
the analysis of the whole soil profile (0 to 180 cm, P=0.013) and the bottom portion of
the profile (110 to 180 cm, P<0.001) but not in the upper portions of the soil profile (0
to 67.5 cm, 67.5 to 110 cm). The impact of tree water uptake could not be distinguished
from that of grasses in the upper layers due to soil moisture being drawn down to near
permanent wilting point by the grasses in all plots.
Table 5-1 Summary of the random and fixed effects terms of the model fitted for available water
for the soil profile to 180 cm depth in the Density experiment (an explanation of ‘Ftype’ can be
found on page 112).

Random effects
Spline(days)
ftype.Spline(days)
ftype.species.Spline(days)
ftype.density.Spline(days)
ftype.species.density.Spline(days)
Rep
Rep.plot

Change in
REML log
likelihoodA

Wald
statisticB

P

1620.2
205.79
278.61
20.85
29.17
79.24
734.14

-

<0.05C
<0.05C
<0.05C
<0.05C
<0.05C
<0.05C
<0.05C

-

6.18
9.12
141.74
21.22
6.39
34.42
0.59
156.30
9.36
4.19

0.013
0.010
<0.001
<0.001
0.094
<0.001
0.899
<0.001
0.025
0.241

Fixed effects
Distance from tree (covariate)
ftype
Days
ftype.species
ftype.density
ftype.days
ftype.species.density
ftype.species.days
ftype.density.days
ftype.species.density.days
A

B

The change in explained variance when the term is systematically excluded from the model.
Approximate F-test on 1 and 920 degrees of freedom. C Not tested below 5% confidence level.

Across the experiment, seasonal trends in soil moisture were evident increasing
throughout winter, peaking at the start of spring in both 2003 and 2004 and reaching
minimum soil moisture levels in May 2004 (Figure 5-2). The inflection point for 2005
was not recorded as measurements ceased in late April though this can be considered to
be the time of maximum deficit as an enforced winter-break in the form of irrigation
was imposed in early May 2005 followed shortly after by rainfall. Over the
experimental period, two drying events occurred. Drying events were considered to
extend from the period of maximum soil moisture at the start of spring to the driest time
of measurement in the following autumn just before soil moisture levels again began to
rise with the onset of winter rains and irrigation.
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5.3.2.1 Soil moisture to a depth of 180 cm
Significant differences in curvature also existed between treatments, particularly
between species planted at different densities. This indicated that rate or pattern of
water use differed between treatments and was shown by the significance (P<0.05) of
the highest order spline term in Table 5-1, ftype.species.density.Spline(days).
On the 14th of October 2003 when measurements began, 25D (mean = 163 mm) was
already significantly drier than most other treatments (Table 5-2). Treatment 4D (200
mm) had significantly higher soil moisture content than mulch (176 mm) and 25B (178
mm). By the end of the first drying event (6th April 2004, Figure 5-2), maximum soil
moisture deficits had developed and significant species (P<0.001) and density
(P=0.025) linear trends across time were evident (shown to be significant for fixed
terms in Table 5-1).
Table 5-2 A comparison of available soil moisture means for the total soil profile at the beginning
of the Density experiment (14th October, 2003).
14/10/2003 Annual Mulch
Mean 182
176
Annual
Mulch

0

4B
206

9B
187

16 B
195

25 B
178

4D
200

9D
191

16 D
189

25 D
163

1
1

0
0

0
0

0
0

0
1

0
0

0
0

0
0

0

0
0

1
0
0

0
0
0
1

0
0
0
0

0
0
0
0

1
1
1
0

0

0
0

1
1
1

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.
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(a)

Available soil moisture (mm)
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Available soil moisture (mm)
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Figure 5-2 Available soil moisture of the whole soil profile for (a) Bothriochloa macra and (b)
Austrodanthonia spp. in comparison to Italian ryegrass (black, dashed line (▼)), Mulch (grey,
dashed line (▼)) treatments across the time of the experiment. Symbols represent perennial grass
planting densities: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡ = 25 plants m-2.
Solitary symbols above lines represent key points in time when the perennial grasses have been
predicted to be significantly different to Italian ryegrass.

Planting density did not affect the maximum soil water deficits achieved by
Bothriochloa macra treatments (mean = 40 mm; Table 5-3) and only 25D (67 mm) was
significantly drier than the Austrodanthonia spp. treatments 4D and 16D (91 mm and 90
mm respectively). Bothriochloa macra treatments were significantly drier than all other
treatments with the exception of 9B (47 mm) and 25D, which did not significantly differ
from each other. On average, Bothriochloa macra created a soil water deficit 40 mm
greater than both Italian ryegrass and Austrodanthonia spp. and 70 mm greater than the
mulch treatment. Mulch (109 mm) had significantly higher soil water content than all
treatments with the exception of 4D and 16D.
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Table 5-3 A comparison of available soil moisture means for the total soil profile at the end of the
first drying event in the Density experiment (6th April, 2004).
6/04/2004 Annual Mulch
Mean (mm)
80
109
Annual
Mulch

1

4B
43

9B
47

16 B
40

25 B
29

4D
91

9D
75

16 D
90

25 D
67

1
1

1
1

1
1

1
1

0
0

0
1

0
0

0
1

0

0
0

0
0
0

1
1
1
1

1
1
1
1

1
1
1
1

1
0
1
1

0

0
0

1
0
1

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.

Following the simulation of an autumn rainfall event (‘break of season’) by irrigation,
available soil water levels again returned to approximately 200 mm for all treatments
(October 2004, Figure 5-2). Final measurements at the end of the second drying event
indicated again that no significant differences existed between the maximum soil water
deficits of the Bothriochloa macra treatments (mean = 42 mm; Table 5-4).
Bothriochloa macra also had significantly lower soil moisture than all other treatments
(Figure 5-2). Mulch (128 mm) was again significantly wetter than all treatments with
the exception of 4D. Within the Austrodanthonia spp. treatments, soil moisture was
significantly less for 25D (78 mm) compared to both 4D (115.28 mm) and 16D (103.73
mm) but not 9D (82 mm, Table 5-4).
Table 5-4 A comparison of available soil moisture means for the total soil profile at the end of the
second drying event in the Density experiment (27th April, 2005).
27/04/2005 Annual Mulch
Mean (mm)
85
127
Annual
Mulch

1

4B
48

9B
54

16 B
32

25 B
34

4D
115

9D
82

16 D
104

25 D
78

1
1

1
1

1
1

1
1

1
0

0
1

0
1

0
1

0

0
0

0
0
0

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1

1

0
0

1
0
1

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.
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5.3.2.2 The upper annual root zone (0 to 67.5 cm)
The upper annual root zone (0-67.5 cm) was the most responsive to seasonal soil
moisture patterns with the Spline(days) term contributing to a larger component of soil
moisture variation than in any other soil layer. Differences in the pattern of water use
between annual and perennial species were also most obvious in this layer with the
annual control depleting soil water much more rapidly than the perennial species
(Figure 5-3). Curvature differences existed between individual treatments shown by
significant (P<0.05) high order spline terms (those in Table 5-1). Also a large
proportion of the overall changes in soil moisture over time were associated with
species as indicated by a highly significant (P<0.001) species by days interaction and a
Wald statistic that made up over 70% of the variance component in the REML analysis.
Few significant differences in the water use between Bothriochloa macra planting
densities were found in the upper annual root zone (0 – 67.5 cm) across the
experimental period (Figure 5-3). Those that did occur were during periods of high soil
moisture. The maximum available soil water for the upper annual root zone (0-67.5 cm)
when field capacity is used as the upper limit is approximately 65 mm, thus in all but
Italian ryegrass and 25D (63 and 53 mm respectively, Table 5-5), soil moisture was high
and draining at the beginning of the first drying event.
Density effects across time were evident in Austrodanthonia spp. even prior to the end
of the first drying event. By the 20th of January 2004, Bothriochloa macra and Italian
ryegrass had already dried the upper annual root zone (0-67.5 cm) to near permanent
wilting point (Figure 5-3(a)). By the same date, available soil moisture beneath
Austrodanthonia spp. treatments varied from 22 mm for 4D to 3 mm for 25D (Figure 53(b)). Thus, planting density affected soil moisture patterns beneath Austrodanthonia
spp. but not Bothriochloa macra.
By the 6th of April (Table 5-6), all treatments with the exception of Mulch (25 mm) had
exhausted the available soil moisture in this zone (0-67.5 cm) to within only a few
millimetres of permanent wilting point. Treatment 4D had slightly higher soil moisture
at 7 mm though no significant differences existed between sown treatments.
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Figure 5-3 Available soil moisture in the upper annual root zone (0 to 67.5 cm) of (a) Bothriochloa
macra and (b) Austrodanthonia spp. in comparison to Italian ryegrass (black dashed line (▼)) and
Mulch (grey dashed line (▼)) treatments across the time of the experiment. Symbols represent
perennial grass planting densities: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡ = 25
plants m-2. Solitary symbols above lines represent key points in time when the perennial grasses
have been predicted to be significantly different to Italian ryegrass.

Table 5-5 A comparison of available soil moisture means for the upper annual root zone (0 to 67.5
cm) at the beginning of the Density experiment (14th October, 2003).
14/10/2003 Annual Mulch
Mean (mm)
63
74
Annual
Mulch

1

4B
83

9B
74

16 B
79

25 B
71

4D
79

9D
76

16 D
66

25 D
53

1
1

1
0

1
0

0
0

1
0

1
0

0
0

1
1

1

0
0

1
0
1

0
0
0
1

0
0
0
0

1
0
1
0

1
1
1
1

0

1
1

1
1
1

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.
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Table 5-6 A comparison of available soil moisture means for the upper annual root zone (0 to 67.5
cm) at the end of the first drying event in the Density experiment (6th April, 2004).
06/04/2004 Annual Mulch
Mean (mm)
2
25
Annual
Mulch

1

4B
1

9B
0

16 B
2

25 B
0

4D
7

9D
4

16 D
0

25 D
0

0
1

0
1

0
1

0
1

0
1

0
1

0
1

0
1

0

0
0

0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0

0
0

0
0
0

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.

Mulch (42 mm) was again significantly wetter than all other treatments at the end of the
second drying event measured on the 27th April, 2005 (Table 5-7). This time however,
significant differences were found between the Austrodanthonia spp. treatments.
Though less than mulch, treatment 4D (25 mm) had significantly more available soil
water at the end of the season compared to all other sown treatments. There was no
significant difference found between any of the Bothriochloa macra treatments (mean =
0.5 mm), the Austrodanthonia spp. treatments planted at higher density (16D = 6 mm
and 25D = 0 mm) or the annual control (7 mm).

Table 5-7 A comparison of available soil moisture means for the upper annual root zone (0 to 67.5
cm) at the end of the second drying event in the Density experiment (27th April, 2005).
27/04/2005 Annual Mulch
Mean (mm)
7
42
Annual
Mulch

1

4B
1

9B
0

16 B
0

25 B
1

4D
25

9D
9

16 D
6

25 D
0

0
1

0
1

0
1

0
1

1
1

0
1

0
1

0
1

0

0
0

0
0
0

1
1
1
1

0
1
1
0

0
0
0
0

0
0
0
0

1

1
0

1
1
0

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.
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5.3.2.3 The maximum annual root zone (67.5 to 110 cm)
At the beginning of the experiment, all treatments with the exception of the mulch
control were recorded above laboratory-based estimates of field capacity with the
maximum soil moisture recorded being 51 mm for 16B. Available water for this soil
layer was calculated to be around 39 mm making most plots above field capacity by 5 to
10 mm (Table 5-8). As indicated in Chapter 2, the base of this layer appeared slightly
sodic and was expected to have low hydraulic conductivity. Interestingly, Bothriochloa
macra treatments had significantly higher soil water at this layer than other treatments
compared to mulch and most Austrodanthonia spp. treatments.
Water use patterns and deficits of Bothriochloa macra and Austrodanthonia spp.
differed significantly (P<0.001) in this zone (67.5 to 110 cm) as indicated by a large
ftype.species.dayno wald statistic in the REML analysis and Figure 5-4. Bothriochloa
macra treatments had significantly lower soil moisture in comparison to all other
treatments at the end of both drying events with the exception of 25D and 16B in the
first year (Tables 5-9 and 5-10). The maximum soil water deficits achieved by the
different Bothriochloa macra densities did not differ significantly, all approaching
permanent wilting point by February in both years (Figure 5-4).

Table 5-8 A comparison of available soil moisture means for the maximum annual root zone (67.5
to 110 cm) at the beginning of the Density experiment (14th October, 2003).
14/10/2003 Annual Mulch
Mean (mm) 44
33
Annual
Mulch

1

4B
49

9B
44

16 B
52

25 B
44

4D
41

9D
41

16 D
44

25 D
39

0
1

0
1

0
1

0
1

0
0

0
0

0
1

0
0

0

0
0

0
0
0

0
0
1
0

0
0
0
0

0
0
0
0

0
0
1
0

0

0
0

0
0
0

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.
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Figure 5-4 Available soil moisture in the maximum annual root zone (67.5 to 110 cm) of (a)
Bothriochloa macra and (b) Austrodanthonia spp. in comparison to Italian ryegrass (black dashed
line (▼)) and Mulch (grey dashed line (▼)) treatments across the time of the experiment. Symbols
represent perennial grass planting densities: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2
and ¡ = 25 plants/m2. Solitary symbols above lines represent key points in time when the perennial
grasses have been predicted to be significantly different to Italian ryegrass.

Both the annual control and Austrodanthonia spp. were found to be non-significant to
the mulch control indicating that neither species impacted greatly on soil water in this
zone. No significant differences were found between the soil water deficits achieved by
Austrodanthonia spp. planted at different densities (with the exception of 25D at the end
of the first drying cycle, Table 5-9).
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Table 5-9 A comparison of available soil moisture means for the maximum annual root zone (67.5
to 110 cm) at the end of the first drying event in the Density experiment (6th April, 2004).
06/04/2004 Annual Mulch
Mean (mm)
15
18
Annual
Mulch

0

4B
0

9B
0

16 B
1

25 B
0

4D
11

9D
11

16 D
16

25 D
5

1
1

1
1

1
1

1
1

0
0

0
0

0
0

0
1

0

0
0

0
0
0

1
1
0
1

1
1
0
1

1
1
1
1

0
0
0
0

0

0
0

0
0
1

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.

Table 5-10 A comparison of available soil moisture means for the maximum annual root zone (67.5
to 110 cm) at the end of the second drying event in the Density experiment (27th April, 2005).
27/04/2005 Annual Mulch
Mean (mm)
15
20
Annual
Mulch

0

4B
1

9B
2

16 B
0

25 B
0

4D
18

9D
15

16 D
23

25 D
14

1
1

1
1

1
1

1
1

0
0

0
0

0
0

0
0

0

0
0

0
0
0

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1

0

0
0

0
0
0

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.

5.3.2.4 Below the annual root zone (110 to 180cm)
Significant overall differences and differences in soil water patterns existed within this
zone (110 – 180 cm), mostly at the species level, though interactions with density
through time were also significant. Austrodanthonia spp. and the annual control had no
impact on soil water below 110 cm as treatments were not significant from the mulch
control (Figure 5-5 (b); Table 5-11 and Table 5-12). Bothriochloa macra planting
density did have a significant impact on soil moisture with 9B having significantly
higher soil water in comparison to 25B by the end of the first drying cycle (Table 5-11)
and both 16B and 25B by the end of the second (Table 5-12).
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Figure 5-5 Available soil moisture below the annual root zone (110 to 180 cm) of (a) Bothriochloa
macra and (b) Austrodanthonia spp. in comparison to Italian ryegrass (black dashed line (▼)) and
Mulch (grey dashed line (▼)). Symbols represent perennial grass planting densities: S = 4 plants
m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡ = 25 plants m-2. Solitary symbols above lines
represent key points in time when the perennial grasses have been predicted to be significantly
different to Italian ryegrass.

Available soil water was not totally utilised by any treatment in this layer (100 mm
available soil water using field capacity as upper limit) though the soil was never totally
saturated with the average maximum soil water content recorded at the beginning of
both drying events reaching only 72 mm. With the exception of 9B, Bothriochloa
macra treatments created an average soil moisture deficit of 34 mm by the end of both
drying events (Figure 5-5).
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Table 5-11 A comparison of available soil moisture means below the annual root zone (0 – 110 cm)
at the end of the first drying event in the Density experiment (6th April, 2004).
06/04/2004 Annual Mulch
Mean (mm)
65
65

0

Annual
Mulch

4B
43

9B
49

16 B
37

25 B
33

4D
72

9D
61

16 D
74

25 D
64

1
1

0
1

1
1

1
1

0
0

0
0

0
0

0
0

0

0
0

0
1
0

1
1
1
1

1
0
1
1

1
1
1
1

1
0
1
1

0

0
0

0
0
0

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.

Table 5-12 A comparison of available soil moisture means for below the annual root zone (0 – 110
cm) at the end of the second drying event in the Density experiment (27th April, 2005).
27/04/2005 Annual Mulch
Mean (mm) 63
65
Annual
Mulch

0

4B
47

9B
51

16 B
34

25 B
34

4D
73

9D
60

16 D
74

25 D
65

1
1

0
0

1
1

1
1

0
0

0
0

0
0

0
0

0

0
1

0
1
0

1
1
1
1

0
0
1
1

1
1
1
1

1
0
1
1

0

0
0

0
0
0

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.

5.3.3 Basal area
Wald tests of the fixed (linear) effects showed that highly significant linear trends with
density through time existed (P <0.001) but not with species and density (P = 0.129).
Figure 5-6 shows that increasing planting densities in both species equated to
consistently higher basal areas across the length of the experiment.
Bothriochloa macra and Austrodanthonia spp. showed significantly different basal area
patterns across the experimental period (P <0.05%, Figure 5-6). Bothriochloa macra
treatments lost little basal area over the experimental period with a slight increase in the
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lowest density treatments. The opposite trend occurred in Austrodanthonia spp. with
differences in basal area between planting densities diminishing. The basal patterns of
planting densities within each species also differed (Figure 5-6). The change in
deviance when the species.density.Spline(dayno) term was excluded from REML
analysis was greater than 2.74 indicating that species by density interactions were
significant (P <0.05%).

0.5
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-2

Basal area (m m )

0.4

0.3

0.2

0.1

0.0
Apr-04

Jul-04

Oct-04

Jan-05
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Figure 5-6 Basal area of perennial grasses across time in the density experiment. Grey lines are
Austrodanthonia spp. treatments and black lines are Bothriochloa macra treatments. Symbols
indicate original planting densities: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡ = 25
plants m-2.

In a more detailed study of basal area carried out in December 2004, a significant
difference in the interaction between species and planting density was found. Both
Table 5-13 and Figure 5-7 show that whilst, overall there was an increase in basal area
with increased planting density, the Bothriochloa macra treatments plateaued just below
0.3 m2 m-2 (Table 5-13). Basal area for Austrodanthonia spp. treatments, however,
increased linearly with planting density though only ever reached approximately half of
the basal area achieved by Bothriochloa macra. As seen in Table 5-13, individual basal
area did not change for Austrodanthonia spp., highlighting its limited ability to
compensate basal area in low competition. For Bothriochloa macra basal area in low
density plots was compensated by plants growing much larger than those in high density
plots. The distance from tree covariate had a highly significant effect on basal area of
both individual plants and plots (P <0.001).
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Table 5-13 REML predicted basal areas for both the plot and of individual plants in the Density
experiment as measured on the 22nd of December 2004. Superscripts indicate where treatment
differences in basal area did not significantly differ.
Treatment
Basal area of plot
Basal area of individual plant
4B

0.1807 a

0.0452 a

9B

0.2209 a

0.0246 a

16B

0.2961 b

0.0185 a

25B
4D

0.2864 b
0.0307 c

0.0115 a
0.0076 a

9D

0.0393 c

0.0044 b

16D

0.0693 c

0.0043 b

25D

0.1274 c

0.0051 b

Basal area (m2m-2)

0.3

0.2

0.1

0.0
4

9

16

25

Original planting density (plants m-2)

Figure 5-7 REML predicted basal area (m2 m-2) of Austrodanthonia spp. (V) and Bothriochloa
macra (z) measured on the 22nd of December 2004 compared to original planting densities.

5.3.4 Green leaf area index (GLAI) across time
The interaction between species and planting density significantly (P<0.05) affected
GLAI patterns through time (Figure 5-8). Increasing planting density resulted in an
increase in GLAI (Figure 5-8), which was most evident at peak growth periods for each
species. This occurred between October and November for both the annual control and
Austrodanthonia spp. and during December for Bothriochloa macra. These differences
in peak growth periods were reflected by the large component of variance explained by
the spline ftype.species.dayno, its significance indicated by the large change in deviance
on the splines’ inclusion in the statistical model.
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Significant plot effects were found in the analysis of GLAI across time, however, the
distance from tree covariate was not found to be significant in describing spatial
heterogeneity and therefore was not be included in the model. Whilst the timing of the
GLAI peaks differed with species, peak size differed with planting density. In
December 2003 (drying event 1), both 16B and 25B (0.807 and 0.993 respectively)
produced a significantly larger GLAI than both 4B and 9B (0.205 and 0.273
respectively; Table 5-14). For the Austrodanthonia spp. treatments, 25D (0.327) still
retained significantly more GLAI than other densities (4D = 0.056, 9D = 0.075, 16D =
0.144), significantly more than 4B and was not significantly different to 9B.
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Figure 5-8 REML predicted cubic spline curves of green leaf area across time for (a) Bothriochloa
macra and (b) Austrodanthonia spp. (solid lines) planted at S = 4 plants m-2, z = 9 plants m-2,  = 16
plants m-2 and ¡ = 25 plants m-2. Dashed lines (▼) in both graphs represent Italian ryegrass which
was only measured in the second season. Error bars indicate twice the maximum standard error.
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Due to the growth habit of Austrodanthonia spp. and the fineness of its leaves, error
associated with green leaf area below the cutting height of 2.5 cm was small on an area
basis though larger on a proportional basis. This was also true for Bothriochloa macra
at particular times of the year. However, given the GLAI difference between these
species, error associated with cutting height was considered relatively minor.
Table 5-14 A comparison of predicted green leaf area index means on the 24th December 2003
(drying event 1) in the Density experiment. The annual control was not measured throughout the
first season.
24/12/2003
Mean
4B
9B
16 B
25 B

4B
0.21

9B
0.27

16 B
0.81

25 B
0.99

4D
0.06

9D
0.08

16 D
0.14

25 D
0.33

0

1
1

1
1
1

1
1
1
1

1
1
1
1

0
1
1
1

1
0
1
1

0

0
0

1
1
1

4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.

In October 2004, when the C3 grasses were at their peak GLAI, the annual control had
significantly higher GLAI than all other treatments with a peak above 1.2 (Table 5-15).
Austrodanthonia spp. peaks were much smaller. Treatment 25D (0.37) was
significantly higher than all Bothriochloa macra treatments at this time with the
exception of 25B (0.30). However, treatments 9B, 16B and 25B were all significantly
higher than 4D, 9D and 16D.
Table 5-15 A comparison of predicted green leaf area index means on the 19th October 2004 (drying
event 2) in the Density experiment
9B
16 B 25 B
4D
9D
16 D 25 D
19/10/2004 Annual 4 B
Mean 1.27
0.11
0.24
0.26
0.30
0.06
0.11
0.15
0.37
1
1
1
1
1
1
1
1
Annual
4B
9B
16 B
25 B

1

4D
9D
16 D
25 D

1
0

1
0
0

0
1
1
1

0
1
1
1

0
1
1
1

1
1
1
0

0

1
0

1
1
1

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly
different.
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By December 2004, all Bothriochloa macra treatments produced significantly more
GLAI than other species (Table 5-16). GLAI levels had reduced to 0.11 for
Austrodanthonia spp. treatments (25D) which was not significantly different to the
annual control at 0.01. Bothriochloa macra treatments had near peaked between 0.60
(4B) and 1.07 (25B) with density effects clearly evident.

Table 5-16 A comparison of predicted green leaf area index means on the 21st December 2004
(drying event 2) in the Density experiment.
21/12/2004 Annual
Mean 0.01
Annual

4B
0.60

9B
0.88

16 B
1.00

25 B
1.07

4D
0.00

9D
0.01

16 D
0.04

25 D
0.11

1

1

1

1

0

0

0

0

1

1
1

1
1
0

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1

0

0
0

1
1
0

4B
9B
16 B
25 B
4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly
different.

5.3.5 Total biomass
Total biomass patterns across time reflected GLAI patterns differing between species as
well as densities within species (P<0.05) with higher density treatments accumulating
larger total biomass levels. Biomass levels for both perennial grass species were
partitioned into categories of green leaf, green stem and dead (Figure 5-9).
Bothriochloa macra treatments produced a much larger total biomass compared to other
species (Figure 5-9 (a)). Also, a larger proportion of the total biomass was found in the
stems of Bothriochloa macra compared to the other species. Excessive amounts of dead
biomass never accumulated throughout the experiment as this was removed when plots
were mown. Plot position had a highly significant effect on total biomass though a
highly significant overall species by density by day interaction was still present.
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Figure 5-9 Partitioning of biomass for (a) Bothriochloa macra (b) Austrodanthonia spp. averaged
across planting densities. Measurements did not include mulch or plant biomass less than 2.5 cm in
height.

5.3.6 Phenological stage
All spline terms were found to contribute significantly to the estimated variance
indicating that there were significant trend differences between some species planted at
different densities. It is evident from Figure 5-10 that this mostly occurred in the
Bothriochloa macra treatments with the lower densities retaining a higher proportion of
its plants in the early reproductive stages throughout the experimental period.
Differences amongst the Austrodanthonia spp. treatments were not so pronounced with
the number of plants possessing structures in the early reproductive stage diminishing to
below 10% by February 2004 for all treatments. Replicate and plot (spatial) effects
were found not to contribute to the estimated variance components of the random terms
and were thus left out of the model.
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Figure 5-10 The percentage of plants where the most advanced phenological stage is in the early
stages of reproduction (stem elongation to anthesis). Black lines indicate Bothriochloa macra
treatments and grey lines indicate Austrodanthonia spp. treatments planted at S = 4 plants m-2, z
= 9 plants m-2,  = 16 plants m-2 and ¡ = 25 plants m-2. Error bars indicate twice the maximum
standard error.

5.3.7 Regression analysis of factors influencing soil water content
Strong correlation was found between the meteorological factors air temperature,
radiation and average monthly pan evaporation (r = 0.522 to 0.931, P <0.001). Only
one parameter could be used in the all subsets regression analysis and, to avoid
collinearity, average monthly pan evaporation was chosen. A strong correlation was
also found between GLAI and biomass (r = 0.867, P <0.001) and again, the parameter
more closely associated with the water balance (GLAI) was chosen as the representative
parameter.
Generally across the soil depths the amount of variation able to be explained by the
regression models increased with depth (Table 5-17). Also, species interactions became
more prominent at the greater depths and on substitution of GLAI with biomass.
The combination of all-subsets regression and multiple regression revealed that 42.8%
(F <0.001) of the variation in the changes to the total soil profile water content could be
explained by GLAI and average monthly pan evaporation with no species interaction
(Table 5-17). Given that GLAI was square-root transformed to improve normality
during the prediction process, it has also remained so transformed for these analyses.
Biomass was then substituted for GLAI to simulate assessment measures available to
managers and it was found that rainfall and the interaction between rainfall and species
were significant, though the adjusted r2 dropped to 36.2% (F <0.001, Table 5-17).
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Table 5-17 A summary of the best linear regression models for both the variables studied and the variables potentially used in management when
describing the depletion of soil water content in the total profile (0 to 180 cm), 0 to 67.5 cm, 67.5 to 110 cm and 110 to 180 cm soil layers. All coefficient units
are presented in mm month-1 except for the coefficients for Biomass (mm.Ha kg DM-1).
Variables examined
Parameters:

Total profile

c

Constant

0 to 67.5 cm

67.5 to 110 cm

Variables used in management
110 to 180 cm

-11.69

Total profile

67.5 to 110 cm

-11.87

-8.11

Austrodanthonia spp.

-22.52

-21.69

a

Pan evaporation

c

110 to 180 cm

-12.18

Bothriochloa macra

GLAI_sqrt

25.31

20.31

0.1002

0.04503

6.04
0.1084

0.00626

Bothriochloa macra

0.06039

0.02588

0.06912

0.02588

Austrodanthonia spp.

0.02219

0.04421

0.11821

0.04421

Rainfall c

0.0384

Bothriochloa macra

0.1285

-0.05381

0.2931

0.1868

-0.05381

Austrodanthonia spp.

0.2823

-0.09701

0.4678

0.385

-0.09701

Basal_sqrt
Biomass

a

0 to 67.5 cm

-15.58

b

0.002254

0.001464

0.000776

Adjusted r2

42.8

31.8

57.4

69.6

36.2

21.5

58.5

69.6

F statistic for regression

F<0.001

F<0.001

F<0.001

F<0.001

F<0.001

F<0.001

F<0.001

F<0.001

GLAI_sqrt is a parameter not likely to be measured during standard management practices, b biomass only used in management study due to collinearity with GLAI, c Estimates of
parameters found significantly different due to species interaction.
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As with the total soil profile, GLAI and average monthly pan evaporation were found to
be key descriptors of the variation in soil water deficit (P <0.001) in the upper soil
profile (0 to 67.5 cm, Table 5-17). Basal area was also found significant though the
regression only described 31.8% (F <0.001) of the variation. When GLAI was
substituted for biomass, this dropped even lower to 21.5% (F <0.001). Basal area was
no longer a significant contributor to the model though rainfall did become significant.
Within the 67.5 to 110 cm soil layer, GLAI, average monthly pan evaporation and
rainfall were the major descriptors of the change in soil water deficit (adjusted r2 =
57.4%, F <0.001) with species interactions for all except GLAI (Table 5-17).
Substitution with biomass produced almost the same model though slightly improved
with an adjusted r2 of 58.5% (F <0.001). In the deepest soil layer, 110 to 180 cm, 69.6%
(F <0.001) of soil water depletion was described by pan evaporation and rainfall though
a highly significant species interaction was also present. This meant that the same
model would be used for management.

5.4

Discussion

5.4.1 Comparison with other perennial grasses for water use
The C4 perennial grass Bothriochloa macra created on average a soil water deficit
approximately 40 mm greater than the C3 perennial grass Austrodanthonia spp. creating
average maximum soil water deficits of 160 mm and 120 mm respectively. On average,
Austrodanthonia spp. created similar deficits to Italian ryegrass. These results
compared well with the deficit differences achieved by perennial grasses in other
studies.
Ridley et al. (1997) found soil water deficits of up to 50 mm beneath phalaris pastures
in comparison to annual ryegrass over the summer-autumn period at Rutherglen in
Victoria. Dolling (2001) found phalaris based pastures in Western Australia used on
average 45 mm/year more soil water than annual pastures. In the same region as the
current study, phalaris was also found to create a soil water deficit 40 mm greater than
annual ryegrass (Heng et al. 2001). Maximum depths of extraction (potential root
depth) were estimated to between 90 and 120 cm for annual ryegrass and 150 cm for
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phalaris. Maximum soil water deficits achieved under Bothriochloa macra in the
Density experiment were also comparable with those reported for lucerne, phalaris and
cocksfoot pastures located at Junee approximately 40 kilometres north-east of the
current study site (Sandral et al. 2006). Given the above comparisons, Bothriochloa
macra is comparable in its water use at the depths studied to species currently
recommended for the ‘dewatering’ of the soil profile, particularly phalaris.
Austrodanthonia spp. was also measured at Junee (Sandral et al. 2006) where it
achieved similar soil water deficits (130 mm in 1996 and 140 mm in 1997) to
Austrodanthonia spp. planted at 25 plants m-2 in this experiment (126 mm in 2004 and
137 mm in 2005). Planting density at Junee was in the range of 80 plants m-2
approximately triple the maximum planting density of this study. Both the results from
this study and by Sandral et al. (2006) suggest that when abundance levels are high
(greater than 25 plants m-2) Austrodanthonia spp. can also have a positive impact on soil
water use.

5.4.2 The recognition of key plant attributes associated with increased water use
capacity.
Currently, most water use studies have been conducted on a select number of mostly
introduced species (namely phalaris, cocksfoot, lucerne, subterranean clover and annual
ryegrass). Given the diversity of species common to Australian native pastures, it is
useful to be able to predict the potential water use of grasses from observable sward
attributes.
Increased soil water extraction is dependant upon a plant’s ability to extract soil water
deep in the soil profile (Holmes and Rice 1996; Lolicato 2000; Ward et al. 2001;
Whitfield 1998). All species reduced soil moisture to near wilting point to a depth of
67.5 cm. This was also found by Sandral et al. (2006). The impact of Italian ryegrass
and Austrodanthonia spp. below this depth was minimal whereas Bothriochloa macra
had a significant impact on soil moisture at all depths indicating a difference in the
depth of soil water extractions and most likely rooting depth (Figures 5-4 and 5-5).
Though not easily observed, rooting characteristics are likely to be defining attributes in
this study.
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5.4.2.1 Sward characteristics and their impact on soil water deficits
Strong relationships have been shown to exist between biomass production and soil
water use in pastures (e.g. Briggs and Shantz 1912; Ghannoum et al. 2001; Singh et al.
2003). Generally, periods of greatest water use coincided with periods of peak
aboveground biomass production and GLAI. In this study, peak biomass levels were
significantly higher in Italian ryegrass and Bothriochloa macra compared to
Austrodanthonia spp. However, the amount of soil water used by the Italian ryegrass
was found not to differ from Austrodanthonia spp. Patterns of soil water use were also
different with the annual treatment depleting soil water earlier than Austrodanthonia
spp. The rapid soil water depletion by the annual treatment corresponded with a fast
rate of GLAI expansion in October as shown in Figure 5-8. Thus, whilst production is
one indicator of soil water use, its relationship with potential SWDMAX is limited,
probably to the depletion of upper soil layers.
Summer activity has also been highlighted as an important characteristic for increasing
soil water use (Johnston et al. 1999). In this experiment, the C4 grass Bothriochloa
macra used a greater amount of soil water than the C3 grasses Austrodanthonia spp. and
Italian ryegrass. Peak production and consequent GLAI occurred later in the season for
Bothriochloa macra compared to Austrodanthonia spp. and Italian ryegrass. It is
therefore possible to suggest that summer activity coupled with greater levels of green
leaf production (partly a consequence of its C4 biochemical pathway) resulted in
increased soil water use by Bothriochloa macra. As only one C4 grass was examined,
the ascription of a single plant attribute or biochemical pathway directly to increased
water use was not possible in this study. Many grass species possessing a range of plant
attributes need to be examined to determine the relative importance of plant attributes
on water use.

5.4.2.2 Attributes measured in this study
Throughout the entire soil profile and its nominated layers, meteorological factors,
average monthly pan evaporation and rainfall were dominant features explaining a large
proportion of the variation in the changes in soil water deficit. This was expected as
pan evaporation is a measurement of the potential evaporative demand for the period
which is a key driver of major components of the water balance (soil evaporation and
transpiration). Soil evaporation was not captured in the regression model though it
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would be expected to have a strong relationship with upper soil layers. This section
would have dried down rapidly and then remained near wilting point for the remainder
of the drying period. Though pan evaporation was measured, the direct measurement of
soil evaporation may have helped explain more of the variance in regression. Rainfall
has been reported previously by Petheram et al. (2002) to explain the majority of the
observed variation in recharge across Australia.
Above-ground attributes GLAI and basal area were found significant in the upper
portion of the soil profile. That species interactions were not present would suggest
these attributes captured the main differences between the water deficits produced by
the plots in this section of the soil profile. It could therefore be argued that, regardless
of species, provided ‘sufficient’ green leaf is available, soil water in the upper regions of
the soil profile will be fully utilised. It is likely that basal area (i.e. abundance) affects
the rate at which that water is used as shown by Austrodanthonia spp. in this study and
by Murphy (2002).
Basal compensation in Bothriochloa macra (Figure 5-7) may have prevented basal area
being of greater significance in the regression. Basal compensation was sufficient to
prevent soil water deficit differences between planting densities in Bothriochloa macra.
This lack of difference in soil water may have reduced the impact of other physical
characteristics for predicting water use between plots.
Species interactions dominated in the 110 to 180 cm soil layer with no contribution
from above-ground attributes. Austrodanthonia spp. and Bothriochloa macra were very
different in a number of plant attributes including productivity (amount of biomass and
GLAI), seasonality (timing of growth) and possibly root attributes. To better associate
water use with individual attributes, more species with a range of different attributes
would need to be included in the study. Because the two species studied differed in so
many ways, water use could not be attributed to one plant feature. As a result, species
interactions were found significant in the model. The incorporation of root data into the
analysis could further explain variations in soil water deficit. Given that differences in
soil water deficits between species occurred in the deeper soil layers, the measurement
of rooting depth and root distribution are likely to be valuable.
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5.4.2.3 Attributes possible in management
It is not possible to measure GLAI when assessing pasture water use under practical
situations as it is laborious, expensive and requires much repetition. This is not a
productive use of time by farm managers and would be logistically impossible for
public servants trying to assess the environmental benefit of pastures in a region.
Biomass was found to be a suitable alternative measure for GLAI in this study. The
substitution of GLAI for biomass resulted in a loss of accuracy in the upper soil layers
though in the mid soil layers, a small increase in the adjusted coefficient of
determination was observed (Table 5-17). This is most likely due to the relationship
that biomass shares with phenological stage and overall productivity as Bothriochloa
macra partitions a greater amount of its carbon reserves to its reproductive structures
than Austrodanthonia spp. (Figure 5-9). As all plants in the upper soil layer (0 to 67.5
cm) were capable of drying the soil down to near permanent wilting point, managers
need only be concerned with deeper soil layers as clearly this is where differences
occur.
No aboveground attributes were significant at the 110-180 cm soil layer and thus,
regressions did not change on the substitution of GLAI. Regardless of the ability for
root measurements to describe soil water use, measurement of this parameter is unlikely
to be carried out by management. The presence of species interactions at this and other
depths suggests that knowing the water use capabilities (which incorporates rooting
capabilities) of the species present is the only factor necessary, as meteorological factors
are beyond the control of management.

5.4.3 The relationship between abundance and soil water use
The original planting density of Austrodanthonia spp. was found by Murphy (2002) to
impact on the rate and pattern of soil water use but not on the size of the soil water
deficit achieved. Evidence for this was also discovered for Austrodanthonia spp. in this
study yet planting density did have a small effect on soil water deficits in the upper soil
layer. Planting density had no significant impact on soil water extraction patterns in
Bothriochloa macra. Density effects were however evident in aboveground vegetation
characteristics for both species.
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Bothriochloa macra and Austrodanthonia spp. responded differently to increasing
density under conditions where weeds and recruitment of seedlings was controlled.
Amongst the lower planting densities, Bothriochloa macra was found to increase
individual plant size, both in terms of basal area and GLAI. Little basal compensation
was evident in Austrodanthonia spp. as was also observed by Dear et al. (2007).
Austrodanthonia spp. was found to colonise readily from seed and was shown by
Virgona and Bowcher (2000) to be the only species in a two summer grazing trial to
increase in plant number despite very variable seasons. Due to the different
compensatory mechanisms possessed by the species in this study, planting density was
shown to be an inadequate descriptor of abundance in agreement with Cook et al.
(1994).

5.4.3.1 Impact of plant size on water use
Nobel (1981) found a linear relationship existed between the distance of Hilaria rigida
clumps and the number of culms possessed by those clumps in a desert study in
California, USA. In such a soil moisture competitive environment, larger plant sizes
lead to greater distances between individuals, an indication that intra-specific
competition was occurring (Yeaton and Cody 1976). Prior to and during the
experimentation period of this study, Bothriochloa macra plants (originally planted the
same size) increased to the maximum size intra-specific competition would allow.
Though aboveground plant characteristics were influenced by increased basal area for
Bothriochloa macra, soil moisture levels were not. Nobel (1981) reports that the daily
depth of water transpired per unit ground area did not depend on plant size as it was
limited by the ground area occupied by the roots. Thus, plant size alone was not
expected to influence soil water use. It is possible therefore, that Bothriochloa macra
treatments had compensated to an extent where water use at 4 plants m-2 was equal to
water use at 25 plants m-2. Thus, lower density treatments transpired more per unit of
basal area and leaf area resulting in a common rate of water use per unit ground area
(Nobel 1981).
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5.4.3.2 Impact of spatial heterogeneity on density effects
The inherent spatial heterogeneity of the Density experiment is likely to have masked
some of the finer density effects. Plot effects were highly significant throughout all
analyses with the exception of basal area and soil moisture in the total soil profile and in
the 110 to 180 cm soil layer where this variance could be partly attributed to the
distance from tree. Though partly captured through the distance from tree covariate,
spatial heterogeneity still potentially masked some of the finer trends as there was a
non-significant tendency for soil water deficits to increase beneath Bothriochloa macra
treatments of increasing density in the 110 to 180 cm soil layer (with exception to 9B).
Overall changes in soil moisture for this soil layer were smaller (Figure 5-5) and it is
also likely that variability was larger as indicated by a lower coefficient of
determination in the neutron moisture meter calibration curve (Chapter 2.)

5.5

Conclusion

Bothriochloa macra is capable of creating a soil water deficit 40 mm greater than Italian
ryegrass which is comparable to other high water using species such as phalaris. Many
plant attributes possessed by this species could be associated with its greater water use
capabilities. However, exploration of their individual importance for water use was
limited in this experiment due to only two vastly different perennial species being
examined. A greater number of species varying in biochemical pathways, summer
activity, productivity, competitive mechanisms and rooting depths need to be examined
to better isolate the importance of plant morphological characteristics for water use.
When abundance levels were high (>25 plants m-2) Austrodanthonia spp. can also have
a positive impact on soil water use though at sub-optimal abundance levels the species
is likely to have the same water use as annual pasture. The species in this study
responded very differently to the low competition environment with Bothriochloa
macra increasing plant size sufficiently for soil water deficit differences to be similar to
treatments of higher planting density. This highlighted the need to use measures of
abundance that better suit species of varying competitive mechanisms, such as basal
area.
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The most important finding from a management perspective was that all pastures were
capable of drying soil to near wilting point in the upper 67.5 cm zone. Whilst
measuring dynamic aboveground factors such as GLAI and biomass may be important
in predicting upper soil water use, it is likely to be more useful to understand the rooting
capabilities of the species present as increased water use was shown to occur in the
deeper soil layers.
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Chapter 6 The characterisation of rooting patterns beneath
Bothriochloa macra and Austrodanthonia spp. planted at
varying densities

6.1

Introduction

Increasing perennial content in agricultural landscapes is considered a necessary
management practice to improve water use and sustainability (1998; Heng et al. 2001;
Davidson 2006). Besides their perennial growth pattern, a perceived major reason for
increased water use by perennials has been attributed to greater rooting depth and
investment in roots (Crawford and MacFarlane 1995; Passioura 1999).
Generally, the density of roots in a given soil layer is positively associated with water
uptake (Passioura 1983). Deeper rooted plants have been associated with increased
water use as the zone of soil water extraction and the potential period of extraction
increases. Deep roots have been shown to impact greatly on water cycling drawing
comparatively large volumes of soil water for their root volume (Gregory et al. 1978;
Nepstad et al. 1994; Caldwell et al. 1998). Perennial plants are also beneficial for water
uptake as roots are permanently positioned throughout the soil profile, capable of
intercepting soil moisture for a greater portion of the year.
The aim of Chapter 5 was to examine the water use of two native perennial grasses
Austrodanthonia spp. and Bothriochloa macra in comparison to Italian ryegrass (Lolium
multiflorum) and to uncover the impact of planting density on soil water deficits for
these species. Water use patterns were examined in relation to above-ground
characteristics such as biomass, basal area and green leaf area. The focus of this study
was concerned with the relationship between soil water depletion and rooting
morphology and aims to identify morphological trends associated with species and
planting density.
Three techniques were employed; (i) the core-break method, (ii) inferences from soil
water depletion zones and, (iii) the use of minirhizotrons. Root characteristics of
interest in this study were root occurrence, root distribution and maximum rooting
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depth. By using all three techniques, an assessment can be made as to the relative
contribution and suitability of employing these techniques under such circumstances.
The three techniques have differing strengths and weaknesses, and thus each was used
to better understand different aspects of species root morphology in this field
experiment.

6.1.1 The core break method
The core-break method has the advantages of being fast, spatially flexible and
repeatable (Smit et al. 2000). Many cores can be collected from a range of positions
within each plot and therefore a good description of the entire treatment area can be
established. Disadvantages are that it is a point in time measurement, destructive,
laborious and can only occur at certain times of the year when soil moisture conditions
allow (Böhm 1979; Smit et al. 2000).

6.1.2 ‘Effective’ root depth inferred from soil water depletion
In many soil water use studies, root properties are simply assumed based on soil water
depletion data (Heng et al. 2001; White et al. 2003). This is often referred to as the
“effective” root depth and is calculated from soil moisture data particularly when
collected regularly from the same position for an extended period of time (Murphy and
Lodge 2006). The neutron moisture meter (NMM) technique (Chapter 2) allows the
user to make inferences on the position of active roots in certain layers based on
changes in soil water depletion. Where water is seen to be removed from a soil water
layer, it is assumed that roots must therefore occur in that layer.
Previous attempts to determine root properties from soil water depletion data have met
with mixed success (Stone et al. 1976; Böhm 1979; Stone et al. 2001) and are generally
more successful during periods of soil drying when changes in soil moisture are
predominantly controlled by plant water uptake rather than soil water fluxes (Kirkham
et al. 1998). One of the major advantages associated with using soil water depletion
data to determine rooting depth and distribution is that no additional data needs to be
collected. Root measurements are notoriously difficult and therefore, if root distribution
can reasonably be inferred from soil moisture measurements then a large amount of
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expense can be saved. The major disadvantages are that only rooting depth and growth
can be reasonably inferred (i.e. it is an indirect method) and this can only be done on a
coarse scale. Major assumptions are made as other major processes including
evaporation, rainfall, drainage beyond the root zone (Murphy and Lodge 2006) and the
upward flux of soil moisture; all assist in concealing water uptake by roots.

6.1.3 The minirhizotron technique
The use of minirhizotrons has become quite common (Böhm 1979) and it is one of the
few methods that allow the non-destructive monitoring of root growth across time.
Kirkham et al. (1998) considered the technique an economical and rapid method of
measuring root growth that allows qualitative time series comparisons to be made
within root populations. It is still considered difficult to convert minirhizotron counts
into volumetric root densities or root biomass (Pierret et al. 2005) though techniques
exist to do so (Schafer and Nielsen 1981; Meyer and Barrs 1985).
One major disadvantage associated with this technique is the occurrence of root
proliferation or “tracking” along the tube (Mackie-Dawson et al. 1989). The gap
between tube and soil provides a relatively easy pathway for roots to penetrate as
opposed to the surrounding soil and therefore have the opportunity on some occasions
to proliferate and cluster against tube preventing a representative cross-section of root
density at that layer.

6.2

Methods

6.2.1 Core-break measurements
From the 4th to the 29th of November 2005, soil cores were extracted from perennial
grass treatments at the Density experiment according to the methods outlined in Chapter
2. The design, methodology and findings with respect to soil water and above-ground
attributes for the Density experiment are detailed in Chapters 2 and 5. Despite 200 mm
of irrigation being applied in June 2004, soil moisture was already limiting the
maximum depth that useable soil cores could be collected which was between 1.2 and
1.4 m. Collection at this time of year was chosen as soil moisture was still relatively
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high and it was expected that all species would be actively growing providing easier
detection of roots and potentially a better description of species root systems.
Once extracted, the occurrence of roots was recorded using the technique described by
Smit (2000) and in Chapter 2. The position of cores in relation to the surrounding
plants was also recorded as either mid-point between plants or adjacent to plants as this
had been found to impact on root occurrence in non-random populations of previous
studies (Taylor 1987). Samples were not taken on top of plants to limit damage to the
plots and on completion, soil was returned to the holes created.
Root counts for each core were used to determine maximum rooting depth, total root
occurrence with depth and cumulative root fractions for the purpose of calculating beta
values as per the Gale and Grigal (1987) function described in Section 2.6.2. Statistical
analyses were then carried out using linear mixed modelling (see Section 2.7) on
maximum rooting depths, root counts with depth and derived β values from cumulative
root fractions.

6.2.2

‘Effective’ root depth inferred from soil water data

Neutron moisture meter (NMM) access tubes were positioned in the centre of each 9 m2
plot of the Density experiment. NMM data were collected on a monthly basis as
described in both Chapters 2 and 5. Using soil moisture data collected at the beginning
and the end of each drying cycle (1 and 2), soil moisture depletion profiles were
constructed with depth. Kirkham et al. (1998) noted that the soil water depletion
method was only suitable for determining root characteristics during dry periods when
removal of soil water by roots predominated over water fluxes between soil layers.
Both drying cycles 1 and 2 occurred in years of below average annual rainfall. Drying
cycle 1 (14th October 2003 to 4th May 2004) experienced 108 mm of rainfall with 24
mm occurring from the 1st of January to the 4th May 2004 when maximum soil water
deficits were reached. Drying cycle 2 (19th September 2004 to 27th April 2005) also
remained dry late into the autumn receiving 245 mm of rainfall with 85 mm of this
occurring after the 1st of January 2005 and only 25 mm of this during March and April
2005. The well below average monthly rainfall patterns for the period can be observed

Chapter 6. Characterisation of rooting patterns

146

in Figure 5-1. In both years, irrigation was necessary to re-fill the soil profile prior to
spring and the next drying cycle.
Data collection processes were assumed to meet the four criteria set out in Murphy and
Lodge (2006) in that the depth of the NMM tubes (180 cm) were beyond the expected
root depth, initial soil profile wetting was greater than expected root depths, drying
periods used to determine soil water extraction were greater than 3 months in duration
and that soil water content was measured at sufficient frequency (monthly) to determine
extraction. The method proposed by Murphy and Lodge (2006) was also used to
determine the depth of soil water extraction using the uppermost depth at which there
was a significant change in soil water content (t0.05). A slight modification on Murphy
and Lodge (2006) was made as significant treatment effects were present within the
experiment. It was therefore necessary to compare the REML predicted mean of each
treatment with the control treatment mulch rather than the overall mean of the plots.

6.2.3 Minirhizotron measurements
In October 2003, minirhizotron tubes were installed into each of the perennial
treatments (Bothriochloa macra and Austrodanthonia spp. planted at 4, 9, 16 and 25
plants m-2) of the Density experiment (Chapter 5). A four-wheel motorbike with a
“Giddings™” soil coring device mounted on its rear was modified to core 25 mm holes
at a 45o angle (Stone et al. 2001) to a depth of 1.5 m. In each plot a single hole was
cored beneath a row of plants (Taylor 1987) approximately 50 cm in from the edge to
avoid edge effects and at least 1 m away from the neutron moisture meter tubes installed
at each plots’ centre.
A clear 25 mm polycarbonate tube sealed at the bottom end with walls 2.5 mm thick
was inserted into each hole taking care to avoid smearing the walls of the hole. Each
tube had two lines (+/- 60o from the upmost part of the tube) running the length of the
tubing which was etched at 10 cm depth intervals (when at 45o). These etchings were
filled with bright blue petroleum-based paint to improve viewing ease. Following
installation, tubes were covered and capped to prevent roots being affected by
fluctuating air temperatures and light (Kirkham et al. 1998), then left to settle for five
months (Figure 6-1).
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From March 2004 to April 2005, root counts were collected monthly using an
Olympus™ optical boroscope attached to a battery powered light source. The
boroscope had a 3 m long flexible cable to allow roots to be viewed at any depth
through the clear walls of the polycarbonate tube as shown in Figures 6-2 to 6-4. By
starting at the bottom of the tube, the borescope was gradually moved up the etched blue
lines counting any roots found touching or crossing each line. The number of roots
counted for each 10 cm depth interval was recorded on a micro-cassette recorder.
Root count data were treated in the same manner as core-break data.

Figure 6-1 A diagram of how the minirhizotron tubes were arranged (Southwell et al. 2005). A
sealed polycarbonate tube installed at 45o to a depth of 1.5 m. The top of the tube was covered and
capped to prevent sunlight and air temperatures from affecting roots.
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A

B

Figure 6-2 Bothriochloa macra planted at 16 plants m-2. Figure shows a branching root (A)
crossing beneath a line etched onto the outside of the minirhizotron tube (B).

C

A

B

Figure 6-3 Austrodanthonia spp. planted at 16 plants m-2. Figure shows a large root (A) crossing
beneath a line etched onto the outside of the minirhizotron tube (B). Also visible is a reference
number (C) etched onto the tube indicating the vertical soil depth.

B

A

Figure 6-4 Austrodanthonia spp. planted at 25 plants m-2. Figure shows a typical branching root
(A) crossing beneath a line (B) etched onto the outside of the minirhizotron tube.
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6.2.4 Comparison of techniques
In late October 2005, all minirhizotron tubes underwent a final root count for
comparison with core-break data collected in the following November. The average soil
water deficit created across the two seasons of measurements distributed down the soil
profile was also compared as an indicator of the effective root depth/ distribution.
Unlike other measurements, this was a measurement collected over an extended period
not a single point in time. To determine result comparability, measurement techniques
were sequentially regressed against one another using linear regression grouped by soil
depth in Genstat™ (VSN International Ltd 2005).
Lastly, root parameters were included in the regression analysis carried out in Chapter 5
to determine the value of various plant attributes for describing changes in soil water
deficit. As it was necessary to use data collected through time minirhizotron data were
predicted monthly for each treatment using REML. Root parameters included
maximum root depths, the sum of roots in each soil layer and the total number of roots
in the soil profile. To avoid analysing collinear parameters in the regression, root
measures were included consecutively.

6.3

Results

6.3.1 Core-break measurements
6.3.1.1 Total root occurrence
The position of core samples (i.e. mid-point between plants or adjacent to a plant)
within each plot was found to be significant throughout the data and therefore was
included as a covariate in the analyses. Wald tests indicated large differences between
the total root counts (to a depth of on average 120 cm) of annual and perennial grass
species with Italian ryegrass containing significantly more roots (P <0.001; Figure 6-5).
Planting density across both perennial grasses was found to be highly significant (P
<0.001) and its interaction with species was also significant (P = 0.028). Generally, as
density increased, so did the number of roots counted.
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Figure 6-5 Average total roots found to the maximum coring depth for each treatment in the
Density experiment using the core-break technique in November 2005. Error bar indicates twice
the average standard error.

6.3.1.2 Root occurrence to 60 cm soil depth
Root occurrence patterns were repeated in the upper 60 cm of the soil profile. Italian
ryegrass again possessed significantly more roots than perennial species and the impact
of density on total root count within each species became more prominent (P = 0.007;
Figure 6-6). In both Figures 6-5 and 6-6, the Bothriochloa macra treatment planted at 9
plants m-2 was always slightly higher (though non-significant at less than twice the
standard error) than the 16 plants m-2 Bothriochloa macra treatment.
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Figure 6-6 Average total roots found to a soil depth of 60 cm for each treatment in the Density
experiment using the core-break technique. Error bar indicates twice the average standard error.
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6.3.1.3 Root occurrence from 60 to 110 cm soil depth.
In comparison to the upper soil layer, root occurrence between 60 and 110 cm was very
low. Overall, Bothriochloa macra was found to possess more roots in this layer than
Austrodanthonia spp. but not Italian ryegrass (Figure 6-7).
A significant (P = 0.033) species by density interaction was found at this deeper soil
layer with root numbers generally increasing with planting density (Figure 6-7). Both
Bothriochloa macra and Austrodanthonia spp. treatments when planted at 25 plants m-2
possessed significantly (P <0.05) more roots than lower density treatments. The Italian
ryegrass treatment had significantly more roots than Austrodanthonia spp. and 4B, was
non-significant to 9B and 16B and had significantly less than 25B.
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Figure 6-7 Average total roots found for the soil layer 60 to 110 cm for each treatment in the
Density experiment using the core-break technique. Error bar indicates twice the average standard
error.

6.3.1.4 Maximum rooting depth
The maximum rooting depth recorded whilst using the core-break technique differed
with grass species. Bothriochloa macra roots were found to the maximum depth
measured in the technique of 130 cm (Table 6-1) indicating that the maximum rooting
depth of the species was beyond this. Austrodanthonia spp. roots were found to depths
of between 90 and 110 cm as was Italian ryegrass.
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Table 6-1 Maximum root depth recorded for each treatment in the core-break study, Density
Experiment.

Treatment
Annual
25B
16B
9B
4B
25D
16D
9D
4D

Maximum depth recorded (cm)
110
130
120
130
120
110
100
90
110

For statistical comparison, the average maximum depth of each treatment was used and
thus was shallower than the absolute maximums reported in Table 6-1. Average
maximum rooting depths differed significantly (P <0.001) between densities and across
all species (Figure 6-8), though the interaction between species and planting density was
not significant (P = 0.054). Generally, maximum rooting depth increased with
increasing planting density and both Bothriochloa macra and Italian ryegrass were
significantly deeper than Austrodanthonia spp.
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Figure 6-8 The average maximum rooting depth of each (a) species (b) planting density of
perennial species within the Density experiment as determined by the core-break method.
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As the average maximum depth to which roots were found to occur for each treatment
was used for statistical comparison, it is likely that the difference in rooting depth across
densities is a consequence of the greater occurrence of roots at depth in the higher
density plots and not because they are reaching deeper soil layers. Thus, the more often
roots were recorded at depth, the deeper the average. It does not necessarily follow that
roots were not present at that depth in the lower density treatments simply that fewer
roots were recorded. A greater number of cores per plot may have shown a different
outcome to the average maximum rooting depth.

6.3.1.5 Root distribution
Core-break data were also examined in the form of root distributions throughout the
entire soil profile. Figure 6-9 depicts the average root counts for each 10 cm soil layer
for each treatment to a depth of 120 cm. Most notable is the large occurrence of roots in
the top 10 cm of the Italian ryegrass profile. This is also evident in Figures 6-5 and 6-6
above.
Italian ryegrass was calculated to contain approximately 72% of its roots in the upper 30
cm of the soil profile. For the same section of the profile, Austrodanthonia spp. was
calculated to contain on average 82% of its roots and Bothriochloa macra 56% of its
roots. Bothriochloa macra treatments possess a larger number of roots deeper in the
soil profile, indicating a difference in root distribution compared to the other species
(Figure 6-9). Also evident from Figure 6-9 are the slight increases in root occurrence
with density (particularly for Austrodanthonia spp.) which is in agreement with Figures
6-5 and 6-6.
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Figure 6-9 Core-break root counts measured at 10 cm intervals down the soil profile for each treatment at the Density experiment in November 2005.
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When root distributions were examined using the equation proposed by Gale and Grigal
(1987, Section 2.6.2), position of core was no longer significant. Overall, species was
highly significant (P <0.001) with Bothriochloa macra possessing a greater proportion
of its roots deeper in the soil profile compared to other species (Figure 6-10). The
interaction between species and density amongst the perennial grasses was also
significant (P = 0.033) with higher density treatments producing larger β values and
thus more deeply distributed roots systems (Figure 6-10).
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Figure 6-10 Cumulative root distribution of grasses Austrodanthonia spp. (grey) and Bothriochloa
macra (black) measured using the core-break technique in the Density experiment in November
2005. Data has been fitted to the asymptotic beta function of Y = 1-βd where, Y = cumulative root
fraction and d = soil depth. Symbols represent original planting densities: S = 4 plants m-2, z = 9
plants m-2,  = 16 plants m-2 and ¡ = 25 plants m-2.
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6.3.2

Maximum ‘effective’ root depth inferred from soil water data

For both Austrodanthonia spp. and Italian ryegrass, the maximum depth where the soil
was significantly drier than mulch (t0.05) was approximately 90 cm (Table 6-2).
Treatment 9D was found to be significantly different to mulch at 120 cm. However, by
using the two sample t-test technique, spatial effects highlighted by REML analysis in
Chapter 5, were not taken into account. Given that two of the 9D plots were situated
closer to a tree (Chapter 5) it is likely that this was an artefact of the spatial
heterogeneity throughout the experimental site rather than a treatment effect.
For Bothriochloa macra, soil water was significantly different to mulch for the entire
depth of the soil profile (180 cm, Table 6-2). Treatment 9B however, only significantly
influenced soil water to 120 cm. Figure 6-11 shows the average change in soil water for
each treatment in both drying cycles 1 and 2. Interestingly, the mulch treatment, also
plotted in Figure 6-11 also shows (albeit a lot smaller) soil water changes to a depth of
approximately 120 cm, indicating that even when plants were removed, evaporation and
upwards flux did still occur to this depth.
Table 6-2 Two sample t-test p values for each treatment in comparison to mulch treatment for
changes in soil water content. Test of null hypothesis that mean change in soil water content of
mulch at depth d is equal to the mean change in soil water content of treatment at depth d. Shaded
cells indicate soil depths at which significant differences were apparent (P < 0.05).
Depth

*

4B

9B

16B

25B

4D

9D

16D

25D

Annual

75 cm

<0.001*

<0.001

<0.001

<0.001

0.025*

0.011*

0.001

<0.001*

0.004*

90 cm

<0.001

<0.001

<0.001

<0.001

0.021

0.025

0.019

0.005*

0.004

120 cm

<0.001

<0.001

<0.001

<0.001

0.602

0.032

0.970

0.458

0.123

150 cm

<0.001

0.207

<0.001

<0.001

0.388

0.146

0.971

0.175

0.152

180 cm

0.005

0.211

0.019*

0.001

0.339

0.132

0.980

0.655

0.120

indicates warning of unequal variance
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Figure 6-11 Changes in soil water content (mm, wettest minus driest) recorded for each treatment of the Density experiment during drying cycles 1 (black line) and 2 (grey
line) outlining the zone of soil water depletion and potentially root distribution.
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6.3.3 Minirhizotron measurements
As found previously for the Density experiment (Chapter 5), highly significant spatial
effects were evident in the minirhizotron data. Only the perennial grass species were
analysed with this technique and it was found necessary for all root occurrence data to
undergo square-root transformation prior to analysis to improve normality. Data
presented in Figures 6-12 to 6-15 are raw values with no associated error value.

6.3.3.1 Total root occurrence
Whilst both species increased total root occurrence through time, the pattern differed (P
>0.05) with Bothriochloa macra possessing more roots and greater variation in root
counts compared to Austrodanthonia spp. (Figure 6-12). No significant differences
were found between Austrodanthonia spp. treatments in total root counts. Amongst
Bothriochloa macra treatments, 9B had significantly more roots for most of the
measurement period (though by the end of the experiment, 25B was not significantly
different from 9B) with up to 500 roots counted in one minirhizotron tube (Figure 6-12).

500

Total root count

400
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0
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Figure 6-12 Average total number of roots found for Bothriochloa macra (solid line) and
Austrodanthonia spp. (incremented line) across the minirhizotron measurement period at the
Density experiment. Symbols (grey = Austrodanthonia spp.; black = Bothriochloa macra) represent
original planting densities for each plot: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡
= 25 plants m-2. Scatter has been included to give an indication of the variation in root counts
within treatments.
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In October 2004 when Bothriochloa macra root occurrence was lowest, there was no
significant difference between the two species with the exception of 9B. By the 1st of
May 2005 (Table 6-3), lower density Austrodanthonia spp. treatments (4D and 9D) had
significantly lower occurrence of roots compared to Bothriochloa macra.

Table 6-3 Average total number of roots predicted for Austrodanthonia spp. (D) and Bothriochloa
macra (B) planted at 4, 9, 16 and 25 plants m-2 when measured using the minirhizotron technique
on the 1st of May 2005 at Wagga Wagga, NSW.
1/05/2005
Mean
4B
9B
16 B
25 B

4B
8.49

9B
14.07

16 B
8.72

25 B
10.71

4D
5.50

9D
5.36

16 D
6.35

25 D
6.67

1

0
1

0
1
0

1
1
1
1

1
1
1
1

0
1
0
1

0
1
0
1

0

0
0

0
0
0

4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different

6.3.3.2 Root occurrence to 60 cm soil depth
Significant (P <0.05) plot effects were evident in the 0 to 60 cm soil layer and again the
rooting pattern across time differed between the two perennial grasses (P <0.05).
Overall, there was a significant species by density interaction across time (P = 0.016)
though this was mostly attributed to the prolific rooting activity of treatment 9B (Figure
6-13).
The root occurrence of 9B was significantly higher than all other treatments throughout
the experimental period with exception of treatments 25B and 25D which were not
significantly different to 9B after January 2005 (Table 6-4). Treatment 9D had
significantly lower root occurrence at the beginning of the experiment (March 2004)
however, no other differences were detected.
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Figure 6-13 Average total number of roots to 60 cm soil depth for Bothriochloa macra (solid line)
and Austrodanthonia spp. (incremented line) across the minirhizotron measurement period at the
Density experiment. Symbols (grey = Austrodanthonia spp.; black = Bothriochloa macra) represent
original planting densities for each plot: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡
= 25 plants m-2. Scatter has been included to give an indication of the variation in root counts
within treatments.

Table 6-4 Average total number of roots predicted to a depth of 60 cm for Austrodanthonia spp. (D)
and Bothriochloa macra (B) planted at 4, 9, 16 and 25 plants m-2 when measured using the
minirhizotron technique on the 1st of January 2005 at Wagga Wagga, NSW.
1/01/2005
Mean
4B
9B
16 B
25 B

4B
5.20

9B
8.04

16 B
3.86

25 B
5.88

4D
4.85

9D
4.01

16 D
5.65

25 D
5.67

1

0
1

0
0
0

0
1
0
0

0
1
0
0

0
1
0
0

0
0
0
0

0

0
0

0
0
0

4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different

6.3.3.3 Root occurrence from 60 cm to 110 cm soil depth
Differences in rooting patterns across time were found associated with both species and
planting density in the 60 to 110 cm soil layer (P <0.05) but not the interaction. Few
Austrodanthonia spp. roots were detected in this layer. Overall species interactions with
planting density were highly significant, increasing through time. However, as in the 0
- 60 cm soil layer, this was mostly attributed to treatment 9B (Figure 6-14; Table 6-5).
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Figure 6-14 Average total number of roots from 60 to 110 cm soil depth for Bothriochloa macra
(solid line) and Austrodanthonia spp. (incremented line) across the minirhizotron measurement
period at the Density experiment. Symbols represent Bothriochloa macra original planting
densities for each plot: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡ = 25 plants m-2.
Scatter has been included to give an indication of the variation in root counts within the
Bothriochloa macra treatments

Table 6-5 Average total number of roots predicted between 60 and 110 cm for Austrodanthonia
spp. (D) and Bothriochloa macra (B) planted at 4, 9, 16 and 25 plants m-2 when measured using the
minirhizotron technique on the 1st of January 2005 at Wagga Wagga, NSW.
1/01/2005
Mean
4B
9B
16 B
25 B

4B
4.70

9B
7.43

16 B
4.56

25 B
4.73

4D
1.35

9D
1.28

16 D
0.49

25 D
1.27

1

0
1

0
0
0

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1

0

0
0

0
0
0

4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different

6.3.3.4 Root occurrence from 110 cm to 150 cm soil depth
Very few Austrodanthonia spp. roots were also detected in the 110 to 150 cm soil layer
(Figure 6-15). Generally, a low occurrence of Bothriochloa macra roots was also
detected with the exception of treatment 9B. Significant (P = 0.002) overall species by
density interactions were mostly due to root proliferation in treatment 9B. Towards the
end of the experiment, significant species differences occurred with Bothriochloa macra
treatments (with exception to 4B, Table 6-6) possessing significantly more roots than
Austrodanthonia spp. treatments (Figure 6-15).
Chapter 6. Characterisation of rooting patterns

162

Average root count (110 to 150 cm)

250

200

150

100

50

0
Mar 04

Jun 04

Sep 04

Dec 04

Mar 05

Figure 6-15 Average total number of roots from 110 to 150 cm soil depth for Bothriochloa macra
(solid line) and Austrodanthonia spp. (incremented line) across the Minirhizotron measurement
period at the Density experiment. Symbols represent Bothriochloa macra original planting
densities for each plot: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡ = 25 plants m-2.
Scatter has been included to give an indication of the variation in root counts within the
Bothriochloa macra treatments.

Table 6-6 Average total number of roots predicted between 110 and 150 cm for Austrodanthonia
spp. (D) and Bothriochloa macra (B) planted at 4, 9, 16 and 25 plants m-2 when measured using the
minirhizotron technique on the 1st of January 2005 at Wagga Wagga, NSW.
1/05/2005
Mean
4B
9B
16 B
25 B

4B
1.36

9B
5.14

16 B
4.54

25 B
4.15

4D
0.02

9D
0.38

16 D
0.12

25 D
0.02

1

1
0

1
0
0

0
1
1
1

0
1
1
1

0
1
1
1

0
1
1
1

0

0
0

0
0
0

4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different

6.3.3.5 Maximum root depth
Only the overall spline pattern with time was found to be significant on analysis of
average maximum rooting depth (P <0.05) indicating that all treatments followed a
similar pattern of (slightly) increasing average maximum rooting depth (Figure 6-16).
Across the experimental period, the average maximum root depth beneath Bothriochloa
macra was significantly deeper than Austrodanthonia spp. (P = 0.004). The linear trend
associated with planting density was also significant (P = 0.001), however, on
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inspection, a consistent trend between average maximum root depth and planting
density was not obvious (Figure 6-16).
The linear trend for the species by density interaction through time was found to be
significant at the 5% level (P = 0.038), though the Wald test has a tendency to overestimate significance (Payne et al. 2005) and must be considered with caution.
Consequently, only the overall linear species trends across time with accompanying
treatment scatter have been presented in Figure 6-16.
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Figure 6-16 Predicted average maximum rooting depths of the perennial grasses Austrodanthonia
spp. (grey symbols) and Bothriochloa macra (black symbols) across period of minirhizotron
measurement. Symbols represent original planting densities: S = 4 plants m-2, z = 9 plants m-2, 
= 16 plants m-2 and ¡ = 25 plants m-2. Error bar indicates twice the average standard error.

At the beginning of the measurement period, 16D was significantly shallower than all
other treatments and treatment 9B was significantly deeper (Figure 6-16). By
September 2004 and for the rest of the measurement period, no difference existed
between densities within each species though significant differences in maximum
rooting depth between species were evident (e.g. Table 6-7).
When comparing the absolute maximum depth recorded in the minirhizotrons for each
treatment, all Bothriochloa macra treatments with the exception of 9B had roots visible
at the bottom of the tube. It is possible that roots may have penetrated further than 150
cm. Austrodanthonia spp. treatments reached a maximum of 130 cm (16D) though
generally roots were not found in plots beyond 110 cm (Table 6-8).
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Table 6-7 Average maximum rooting depth for Austrodanthonia spp. (D) and Bothriochloa macra
(B) planted at 4, 9, 16 and 25 plants m-2 when measured using the minirhizotron technique on the
1st of October 2004 at Wagga Wagga, NSW.
1/10/2004
Mean
4B
9B
16 B
25 B

4B
1.01

9B
1.14

16 B
1.06

25 B
1.03

4D
0.73

9D
0.68

16 D
0.61

25 D
0.72

0

0
0

0
0
0

1
1
1
1

1
1
1
1

1
1
1
1

1
1
1
1

0

0
0

0
0
0

4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different

Table 6-8 Maximum root depth recorded for each treatment in the minirhizotron study, Density
Experiment.

Treatment
25B
16B
9B
4B
25D
16D
9D
4D

Maximum depth recorded (cm)
150
150
140
150
100
130
100
110

6.3.3.6 Root distributions
The root distributions generated from minirhizotron data had a tendency to be more
variable than the core-break data with less roots found in the upper soil layers (Figure
6-17). Most evident was the smaller root occurrence of the Austrodanthonia spp.
treatments and the larger proportion of roots with depth in the Bothriochloa macra
treatments (Figure 6-17). On average, 63% of Austrodanthonia spp. roots were
recorded in the top 30 cm of the soil profile and only 19% of Bothriochloa macra roots.
This low percentage of roots in Bothriochloa macra is associated with the large
proliferation of roots in treatment 9B further down the soil profile (Figure 6-17).

Chapter 6. Characterisation of rooting patterns

165

Average Counts
0

0

10

20

30

0

10

20

30

0

10

20

30

0

10

20

30

20
40
60
80

Soil Depth (cm)

100
120

4B

140

0

0

10

20

30

16B

9B

0

10

20

30

0

10

20

30

25B
0

10

20

30

20
40
60
80
100
120
140

4D

9D

16D

25D

Figure 6-17 Average minirhizotron root counts across the period of data collection in the Density experiment
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When Gale and Grigal’s (1987) asymptotic beta curve was fitted to the data, it was
evident that Bothriochloa macra had a much deeper root system and much more gradual
decline in roots with depth as evidenced by the significant differences in β values for
each species (P <0.001; Figure 6-18). Austrodanthonia spp. showed a much shallower
root system with a larger concentration of roots towards the soil surface and smaller β
values (Figure 6-18; Table 6-9). Significant density effects were evident in
Austrodanthonia spp. though β values did not increase with increasing planting density.
Across the time of the experiment, significant plot effects were evident as were
individual differences in curvature for some treatments (P <0.05; Figure 6-19).
Bothriochloa macra did not differ in its estimated β value across time with the
exception of 25B during the middle of the experimental period (Table 6-9; Figure 6-19).
Austrodanthonia spp. had considerably more variation in β values than Bothriochloa
macra.
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Figure 6-18 Average cumulative root distribution of grasses Austrodanthonia spp. (grey) and
Bothriochloa macra (black) found from minirhizotron measurements at the Density experiment
field site. Data has been fitted to the asymptotic beta function of Y = 1-βd. Symbols represent
original planting densities: S = 4 plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡ = 25 plants
m-2.
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Table 6-9 Average β value for Austrodanthonia spp. (D) and Bothriochloa macra (B) planted at 4, 9,
16 and 25 plants m-2 when fitted to the asymptotic beta function of Y = 1-βd derived from
minirhizotron root counts for the 1st of October 2004 at Wagga Wagga, NSW.
1/10/2004
Mean

4B
0.9814

4B
9B
16 B
25 B

9B
0.9820

16 B
0.9827

25 B
0.9647

4D
0.9641

9D
0.9663

16 D
0.9363

25 D
0.9635

0

0
0

1
1
1

1
1
1
0

0
0
0
0

1
1
1
1

1
1
1
0

0

1
1

0
0
1

4D
9D
16 D
25 D

1 = difference in means is more than twice the standard error and therefore, significant.
0 = difference in means is less than twice the standard error and therefore, not significantly different.

Treatment 16D had consistently shallower roots than all other treatments with the
exception of 4D at the beginning and end of experimental period. The average root
distribution for treatment 9D was not significantly different to Bothriochloa macra
treatments for the majority of the experiment (Figure 6-19, Table 6-9) most likely due to
less roots observed near the surface in some plots.
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Figure 6-19 Comparison of β values across the time of minirhizotron measurements for the grasses
Austrodanthonia spp. (grey) and Bothriochloa macra (black). Cumulative root fraction data has
been fitted to the asymptotic beta function of Y = 1-βd. Values closer to 1 indicate a larger
proportion of roots at deeper soil depths. Symbols represent original planting densities: S = 4
plants m-2, z = 9 plants m-2,  = 16 plants m-2 and ¡ = 25 plants m-2. Error bar indicates twice the
average standard error.
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6.3.4 Comparison of techniques
6.3.4.1 October 2005 measurements prior to core-break study
Minirhizotron measurements in October 2005 showed even more proliferation of roots
in the lower section of the soil profile though this time it was not constrained to
Bothriochloa macra with treatment 25D also showing increased root proliferation at
depth (Figure 6-20). The REML analysis showed that there were no significant
differences between species and densities given the high variation present between
plots. In the upper 60 cm of the profile however, a significant (P = 0.009) species effect
was present with Bothriochloa macra averaging approximately 33 roots to 69 roots for
Austrodanthonia spp. (sed = 13.2 roots). Maximum root depth was significantly (P
<0.001) affected by species with Bothriochloa macra averaging a maximum root depth
of 122 cm compared to 79 cm for Austrodanthonia spp. (sed = 0.07 cm).

6.3.4.2 Maximum root depth
Only the maximum rooting depth could be compared across all treatments. Table 6-10
combines the estimates of maximum root depth for each of the nine treatments as
determined by each of the techniques studied. All estimates of maximum root depth
were similar for Austrodanthonia spp. and Italian ryegrass. Estimates for Bothriochloa
macra vary considerably with core-break estimates being the shallowest, followed by
the minirhizotron and the estimates from soil water. In all three techniques, roots (or
the influence of roots) were evident at the deepest soil depth measured.

Table 6-10 Maximum root depth of treatments in the Density experiment as estimated by the corebreak, minirhizotron and soil water depletion methods.
Treatment

Core-break

Minirhizotron

Soil water depletion
zone

Italian ryegrass

110 cm

-

90 - 110 cm

4B

120 cm

>150 cm

>180 cm

9B

≥130 cm

140 cm

120 - 150 cm

16B

120 cm

>150 cm

>180 cm

25B

≥130 cm

>150 cm

>180 cm

4D

110 cm

110 cm

90 - 110 cm

9D

90 cm

100 cm

120 - 150 cm

16D

100 cm

130 cm

90 - 110 cm

25D

110 cm

110 cm

90 - 110 cm
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Figure 6-20 Average counts recorded from Minirhizotron tubes in October 2005 prior to the collection of core-break samples.
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6.3.4.3 Beta functions
When compared using the function described by the functions Y = 1-βd (Gale and
Grigal 1987) for root distribution, the minirhizotron β values were generally higher than
the core-break (Table 6-11). Both did however show that Bothriochloa macra had a
deeper root distribution with a smaller proportion of its roots in the upper soil layers.
Table 6-11 Comparison of β values as derived from the function Y = 1-βd for the minirhizotron and
core-break measurements collected in October and November 2005.
Treatment
Core-break β
Minirhizotron (Oct 2005) β

6.4

4B

0.9406

0.9737

9B

0.9642

0.9827

16B

0.9655

0.9869

25B

0.9678

0.9807

4D

0.8707

0.9329

9D

0.8840

0.9297

16D

0.9061

0.8498

25D

0.9270

0.9489

Italian ryegrass

0.9398

-

Bothriochloa macra

0.9595

0.9810

Austrodanthonia spp.

0.8970

0.9153

Discussion

6.4.1 Comparison of techniques
6.4.1.1 Relationships between techniques
Data produced from each technique was regressed against each other to determine the
level of agreement between results. Soil depth was found to be a significant factor
influencing the relationship between techniques in the regression analysis. In all
analyses presented below, depth was used as a grouping factor and, often, its interaction
with the technique proved to be significant in describing water use. Generally, the
proportion of variation attributed to the technique alone was low.
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Both core-break and minirhizotron data underwent square-root transformation to
normalise residuals. In the regression analysis of the core-break and minirhizotron data,
77.4% (F <0.001) of the variance in core-break was described by the minirhizotron
measurements. However, only 12.8% of this could be attributed to the minirhizotron
measurements alone and not soil depth or its interaction with soil depth. When
comparing the core-break to soil water use down the profile, 70% (F <0.001) of the
variation in soil water was described, though, similar to above, only 10.5% of this could
be directly attributed to the core-break technique. The minirhizotron technique when
combined with soil depth (and including interactions) to compare with soil moisture
only achieved an r2 of 57.7% (F <0.001) with 12.2% attributed solely to the
minirhizotron technique.
Bragg et al.(1983) found a strong linear relationship between the core-break and the
minirhizotron technique in a study carried out on an oat crop grown on a clay soil. Of
the techniques used in this study, the core-break and minirhizotron techniques shared
the best relationship though this was small and dependent on soil depth. A number of
differences between Bragg et al.(1983) and the current study were evident including the
size, depth and the intensity of both core and minirhizotron measurements taken and the
short period of measurement of four months as opposed to over 13 months in the
present study. Figures 6-12 to 6.15 clearly show an increase in root proliferation
approximately 9 months after minirhizotron measurements began.

6.4.1.2 Similarities
The core-break and minirhizotron techniques produced similar root data, that is, root
count data that could be used to examine total root counts, counts in soil profile layers,
rooting depth and root distribution. All methods gave an indication of maximum rooting
depth with Bothriochloa macra the deepest and Italian ryegrass and Austrodanthonia
spp. being of similar depth. Overall, the maximum root depths estimated from all
techniques were very similar for both Austrodanthonia spp. and Italian ryegrass (Table
6-10). Evidence of Bothriochloa macra root activity (in terms of soil water uptake or
visual appearance) was present at the maximum depth recorded for all techniques
(discussed below). Overall, both the core-break and minirhizotron techniques produced
similar root distributions for each species with Bothriochloa macra possessing fewer
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roots towards the surface and a more gradual decline down the soil profile than
Austrodanthonia spp. In addition, highly significant species effects were evident in the
root counts below 60 cm when measured using both the core-break and minirhizotron
techniques.

6.4.1.3 Differences

Maximum root depth
Highly variable results are often obtained when comparing root measurement
techniques (Pierret et al. 2005). Though all techniques were able to successfully
establish the maximum root depth of the shallower-rooted species, the maximum root
depth of Bothriochloa macra ranged from 120 cm to >180 cm (Table 6-10) due to
limitations in the maximum soil depth measured. The maximum depths measured in the
core-break and minirhizotron were 130 cm and 150 cm and, as Bothriochloa macra
roots were visibly detected here, it is reasonable to suggest that Bothriochloa macra
roots may extend beyond these depths.
The ‘effective’ root depth inferred from soil moisture measurements beneath
Bothriochloa macra was 180 cm, which was also the maximum depth measured by this
technique. According to Murphy and Lodge (2006), for the successful determination of
maximum root depth, soil water measurements need to exceed the maximum depth of
the species being studied. As significant changes in soil water were present for
Bothriochloa macra at the maximum depth measured and roots were not physically
measured at 180 cm, it cannot be stated with certainty that roots occurred at this depth.
The upward redistribution of soil water could also result in significant changes in soil
water content as demonstrated by the mulch treatment (Table 6-7) where soil moisture
varied considerably even in the absence of plants. However, Murphy and Lodge (2006)
found that reliable estimates of root depth could be determined using soil water data and
conditions were favourable given that the drying periods experienced were well in
excess of 3 months. Accordingly, it has been assumed that roots were present at 180
cm. Direct sampling at this depth would also be erroneous as root detection would be
difficult due to the sparseness and irregularity of roots confined to cracks and biopores
as a consequence of high soil bulk density (Passioura 1991, Figure 2-8).
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Root occurrence
Total root counts from the core-break technique indicated that Italian ryegrass had a
higher occurrence of roots in the upper soil layers than the perennial grasses studied.
This very high root density in the upper soil layer was also reported by McKell and
Duncan (1969). No other technique directly examined Italian ryegrass and therefore the
higher proportion of roots in relation to perennials has not been questioned, particularly
given the magnitude of the increase.
Core-break and minirhizotron data appeared to contradict one another with respect to
differences in planting density and species effects. Core-break results showed an
increase in root occurrence with increased planting density but no difference between
perennial species. Minirhizotron results found differences in root occurrence both
overall and through time for perennial species but no effects attributed to planting
density. Species by density interactions were evident in the minirhizotron study but this
was associated with the proliferation of roots in treatment 9B.

Root distribution
The percentage of roots in the upper 30 cm of the soil profile differed between the
minirhizotron and core-break techniques. The minirhizotron technique recorded 63%
and 19% for Austrodanthonia spp. and Bothriochloa macra (respectively) compared to
82% and 56% in the core-break which were comparable to C3 and C4 grassland biomes
in Jackson et al. (1996). It was therefore assumed that the minirhizotron technique
underestimated root occurrence in this part of the soil profile and resulted in larger β
values (Gale and Grigal 1987) compared to the core-break technique (Table 6-11). No
differences were apparent in terms of the coefficient of determination (r2) derived when
β functions were applied to individual cumulative root distributions.
Interestingly, despite the core-break technique showing proportions of the root system
in the upper 30 cm of soil closest to Jackson et al. (1996), the values generated from the
minirhizotron data were closer to the β values estimated for global grassland biomes by
Jackson et al. (1996, see Table 6-11). The closer alignment of minirhizotron data with
Jackson et al. (1996) may be associated with the relatively shallow depth to which roots
were counted in the core-break method and the number and position of core samples
taken per plot rather than the accuracy of the minirhizotron data. The number of
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samples taken per plot is likely to influence the average maximum rooting depth
measured, particularly if roots at depth are irregularly confined to cracks and bio-pores.
Also, the minirhizotron tubes were placed directly below grass plants, whereas the corebreak samples were taken between or adjacent to plants. The vertical distribution of
roots is likely to change when measured away from a plant’s axis of symmetry.

6.4.1.4 Limitations of techniques
The major limitations associated with making inferences from soil water data were the
range of data that could be collected, the time required to collect enough data to make
an inference and the uncertainty associated with using an indirect measure. The corebreak technique was limited by its destructiveness, its inability to study roots through
time and the short window of opportunity when soil moisture and plant conditions are
conducive to measurement. As a consequence of dry soil conditions, intact cores could
not be removed below 130 cm.
The underestimation of roots in upper soil layers was clearly evident in the
minirhizotron experiment where visibility is often poorer and subject to a greater
disturbance and compaction, mostly on installation (Bragg et al. 1983; Hansson and
Andren 1987; Taylor 1987). Underestimation reduced root counts in these layers,
modified root distributions and increased β values. The findings from the minirhizotron
experiment were also affected by the proliferation of roots at the interface between the
soil surface and tube in some plots (e.g. two replicates in treatment 9B and other
treatments towards the end of the experiment). The “tracking” of roots along tubes has
been identified as a major problem with the technique (Taylor 1987; Mackie-Dawson et
al. 1989) .
In both the core-break and minirhizotron studies, higher than expected root occurrence
was observed for treatment 9B. This increase was not significant and likely to be a
coincidence as inspection of the raw data found that the anomalous plots in the
minirhizotron study were not responsible for the additional roots in the core-break
study. Significant plot effects were found for soil moisture across the experimental area
(Chapter 5). Roots may have proliferated in response to higher soil water content
particularly between 90-110 cm where hydraulic conductivity was expected to be least
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(Chapter 2, Section 2.2). Other treatments such as 16B showed greater soil moisture
heterogeneity, yet were unaffected. The depth of the soil water depletion zone for 9B
was calculated to be 120-140 cm (compared to 180 cm in other Bothriochloa macra
treatments) indicating that soil moisture below 140 cm was no different to that beneath
the mulch treatment. However, only one of the two anomalous 9B plots was positioned
where higher soil moisture was recorded. Though soil moisture played a part, it is
likely that other factors also influenced the proliferation of roots in treatment 9B.

Visual assessment of roots
A major component of a plant’s total root length is thought to be less than 0.2 mm in
diameter (Pierret et al. 2005) and given that roots in both the core-break and
minirhizotron techniques were visually identified, it is possible that a large proportion
of the root system was over-looked. The differentiation between live and dead roots is
difficult to assess visually (Greenwood and Hutchinson 1998) as there is no
clear/observable physiological process of senescence to indicate when a root is dead or
no longer functional (Lauenroth and Gill 2003). Roots in both the core-break and
minirhizotron techniques were subjectively assessed as live or dead based on colour
with very few ‘dead’ roots were observed. The subjectivity involved in identifying live
and dead roots, an inability to monitor individual roots due to the scale of the
experiment and the long period between measurements prevented the calculation of root
longevity and turnover in the minirhizotron technique.
More emphasis has been placed on the core-break results than the other techniques for
the assessment of root distribution for a number of reasons. These include the results
from regression analysis, the agreement of core-break results with Jackson et al. (1996)
in terms of the percentage of the root system in the upper soil layers, the gradual
reduction in root population with depth as observed in Figure 6-17 and the lack of
confidence in minirhizotron data due to root proliferation in some tubes. Also, there
appeared to be minimal seasonal patterns observed using the minirhizotron technique
reducing the reliance on the technique for description of root dynamics.
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6.4.2 Species impact on rooting characteristics
6.4.2.1 Maximum rooting depth
The results collected from all techniques in this study agreed with Canadell et al.(1996)
in that tropical C4 grassland species (e.g. C4 Bothriochloa macra) were deeper rooted
than temperate grassland species (e.g. Austrodanthonia spp.) though root depths fell
well short of average maximum rooting depths gathered for their respective vegetation
biomes around the globe. Murphy and Lodge (2006) found an effective root depth (soil
moisture determined) of 189 cm and observed root depth of 173 cm in a Bothriochloa
macra dominated pasture on a red Chromosol soil at Barraba in northern NSW. That
Bothriochloa macra roots have been recorded previously at these depths gives
confidence to the finding that the rooting depth of Bothriochloa macra in this study was
between 150 and 180 cm.
In a minirhizotron study conducted at Rutherglen in Victoria, Mitchell (unpublished)
found the maximum root depth for Bothriochloa macra and Austrodanthonia spp. to be
approximately 120 cm and 80 cm respectively. Harradine and Whalley (1981) also
reported Austrodanthonia linkii to be a shallow-rooted species with few roots recorded
at their deepest measured depth of 80 cm. Root depth estimates for both species in both
studies were shallower than those reported in this study.

6.4.2.2 Total root occurrence
Italian ryegrass developed the largest root system of all species in the upper soil layer (0
- 60 cm). Ridley and Simpson (1994) found that Italian ryegrass was capable of
developing a root system equivalent in root density to that of phalaris and cocksfoot to a
depth of 1 m - two species reputed to possess large root systems. In the current study, it
would appear that the root system of Italian ryegrass was larger than the perennial
grasses examined to the same depth. The size of the Italian ryegrass root system may
explain in part why the species is such an aggressive competitor (McKell and Duncan
1969) using soil water much more rapidly than other species (Chapter 5). Casper and
Jackson (1997) suggest that the successful capture of resources by plants is not solely
related to rooting density. Lengthening the lifespan of a root may be just as effective
and less expensive than growing new roots (Eissenstat and Yanai 1997). Given that the
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Italian ryegrass is an annual, generating a new root system from seed every year,
lifespan would have played a part in determining soil water use.

6.4.2.3 Root distribution
Both species were typical of their ecological biomes (Jackson et al. 1996) where the β
values for temperate and tropical grasslands was 0.943 and 0.972 respectively. As seen
in Table 6-11, the average β values for Austrodanthonia spp. (C3) is slightly lower than
that estimated for temperate grasslands and the β values for Bothriochloa macra (C4)
are near to those estimated for tropical grasslands. The concentration of roots in the
surface layer differed between perennial species (Figure 6-10, Figure 6-18 and Table
6-11) influencing their respective β values. This is logical as the increased frequency of
dry surface soil conditions during summer is likely to result in summer active (C4)
plants distributing roots deeper in the soil profile. The greater concentration of roots in
the upper soil layers by Austrodanthonia spp. was also found by Harradine and Whalley
(1981) who reported 50% of roots in the top 10 cm of the soil profile (measured by root
dry weight) when viewed through 90 cm deep glass-fronted root observation tubes.
These values are likely to be higher than the current study due to the increased root
density typically found at the soil-glass interfaces and on the edge of containers/tubes
(Taylor 1987).

6.4.3 Density impact on rooting characteristics
Total root occurrence was found to increase with increasing planting density throughout
the soil profile. This is in agreement with the findings of Holmes and Rice (1996) for
increasing plant densities of the native perennial bunchgrass Nassella pulchra in a pot
study in California. Eastham and Rose (1990) found that maximum rooting depth
increased with increased planting density in a tree plantation experiment affecting water
uptake patterns. Higher planting density in the Density experiment did not lead to a
modification of maximum root depth for Austrodanthonia spp. The impact of planting
density on root depth could not be determined for Bothriochloa macra as maximum root
depth was not absolute in any technique. Differences found between average maximum
rooting depths (Figure 6-8b) of Austrodanthonia spp. planting densities were attributed
to the greater occurrence of roots when planted at higher densities (Figure 6-7). In
terms of the ‘maximum depth achieved’, no differences were found (Table 6-1).
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The core-break data showed a significant increase in β values (i.e. deeper root
distributions) with increased planting density. Holmes and Rice (1996) also found that
more densely planted perennial grasses increased root mass deeper in the soil profile
though no change in root mass between treatments was recorded overall. As increased
root occurrence results from increased plant density, it is possible that this was simply a
consequence of improved likelihood of deep root detection. However, increased
planting density should also have increased detection in the upper soil layers resulting in
no change in overall cumulative root fractions. To ensure that planting density effects
on root distribution were true, more intensive sampling to greater depths than those used
in the core-break method would need to occur.

6.4.4 Implications for water use
The structure of a plant’s root system is a consequence of both environment and
genetics. Examples of the impact of environment include the suberization of roots
found on plants affected by drought (Passioura 1983), the increased plasticity and
shorter lifespan of roots on plants found in wetter, more fertile environments (Van der
Krift and Berendse 2002) and the deeply distributed root morphology of desert plants
(Lynch 1995). Conversely, soil water patterns are a function of water input and
extraction which is largely influenced by rainfall, uptake from roots and evaporative
demand. The purpose of this study has been to examine differences in the root
morphology of the plants studied to better relate rooting characteristics to patterns of
soil water extraction.
Bothriochloa macra had the deepest root depth and distribution, and created the largest
soil water deficits. The implication of such a deep root system (approximately 50 – 60
cm deeper than other species examined) is likely to be that the species can draw on this
additional volume of soil water over a longer period. This additional water would also
ensure survival during drought. It is important to note here that the amount of soil water
that can be extracted by a plant is limited by leaf area for transpiration. If green leaf is
not adequately managed to supply, water use would be low regardless of root capacity.
In comparison to other species the root system of Bothriochloa macra also appeared the
most plastic and able to opportunistically extract the largest volume of water at the 90 to
110 cm soil layer (Figure 6-11). The maximum rooting depth of Austrodanthonia spp.
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and Italian ryegrass was recorded around 120 cm and neither species was capable of the
change in soil water in the 90 to 110 cm soil layer to the same degree as Bothriochloa
macra.
The implication of increased root occurrence with planting density on soil water may be
an increased rate of extraction and potentially increased utilisation of soil water deeper
in the soil profile. The compensation of basal area in Bothriochloa macra (Chapter 5)
would reduce this effect to some extent as root occurrence per plant would be expected
to increase with plant size. In swards of mixed composition, perennial grasses will be
competing with potentially shallower (and possibly more aggressive) annual species.
Further investigation into the impact of mixed competition on root morphology is
required as it is likely that with greater competition for surface soil water, the
distribution of roots may alter.
Despite season being a major factor impacting on soil water content and the detection of
seasonal growth patterns for a range of vegetation types as demonstrated by Eissenstat
and Yanai (2002), no clear seasonal patterns in root occurrence were forthcoming from
the minirhizotron study. Lauenroth and Gill (2003) describe that whilst unimodal and
bimodal growth patterns have been reported, roots tend to have indeterminate lifespans
and that root longevity is relatively plastic. Had measurement been conducted over a
longer period of time, a pattern may have emerged though would most likely be masked
by proliferation around the tube which increased across the experimental period.

6.4.5 The impact of roots for describing changes in soil water content
Following the collection of the minirhizotron data, the regression analysis undertaken in
Chapter 5 was revisited to determine the value of different plant attributes (including
root occurrence) for describing changes in soil water deficit. Overall, the inclusion of
root parameters did not change any of the regressions in any of the soil layers. In
contrast to root occurrence, planting density did not cause any significant changes in
soil water deficit for Bothriochloa macra reducing the range soil water contents at the
site. In the deepest soil layer (110 – 180 cm), few Austrodanthonia spp. roots occurred
and again soil water deficits did not differ significantly between planting densities
leading to soil water content differences more easily explained by species rather than
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root parameters. In addition, the occurrence of root proliferation in some treatments
increased the complexity of root patterns across the treatments possibly affecting
explanatory power. To better determine the role of root attributes for describing
changes in soil water content, a greater range of species need to be examined.

6.5

Conclusion

Of the three techniques used for the characterisation of grass root systems at the Density
experiment, the core-break method was found most reliable in terms of the quality and
range of data produced. Major limitations were found with the minirhizotron technique
with respect to the reliability of the data. This technique was also deemed unsuitable at
the Density experiment as the intensity of measurements required to make the method
worthwhile (i.e. root dynamics) was not practical given the scale of the experiment. This
technique is better suited to small, intensive experiments on soils of lower bulk density
and plants that are less plastic in their root morphology. All techniques, including soil
moisture data, were found limited in their depth of measurement, preventing the
accurate estimation of maximum root depth in Bothriochloa macra.
All the techniques employed at the Density experiment uncovered major differences in
root morphology between the species examined including root occurrence, depth and
distribution. Soil water uptake was only partly influenced by root occurrence. Root
occurrence is important however for maximising soil water uptake at the bottom of the
root zone and thus plant density or abundance must be considered by management when
aiming to maximise pasture water use. The most important factors in water uptake in
this study were found to be maximum root depth and distribution. Bothriochloa macra
was superior to both Austrodanthonia spp. and Italian ryegrass due to the possession of
roots at depth. This is likely to substantially increase the volume of soil water available
to the plant and the period of time it can be accessed. However, in order to be used,
deep root systems must be accompanied by sufficient green leaf to transpire it. Given
the range of root morphologies demonstrated by native grass species in this study, it is
imperative that a greater number of species are assessed to determine their potential
value for water use.
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Chapter 7. The development and validation of the Native
Pasture Model NPM and its integration into the catchmentscale hydrological model CAT

7.1

Introduction

Hydrological processes within catchments are complex, particularly with respect to
plant-water relations. The dynamics of botanical composition are equally complex and
the relationship between the botanical composition and hydrology has been explored
little in native pastures. Within the current study, the hydrological impact of native
pasture botanical composition has been examined at the point scale. To assess the value
of advocating a management practice to a wider audience, there must be a conceivable
impact on the landscape, and thus examination within a catchment framework is
necessary. Any increase in scale, however, adds complexity to the problem. Modelling
offers a means of managing the complexity of these processes to improve understanding
and produce outcomes on a more relevant scale.
Greater soil water deficits were achieved by the C4 grass Bothriochloa macra than the
C3 grass Austrodanthonia spp. (Chapter 5). In addition, in Austrodanthonia spp., plots
containing a higher basal area per unit ground area (increased plant abundance) used
more soil water. On the completion of the Density experiment (Chapter 5), a native
pasture growth model was developed for application into a catchment framework to
further extend results at the catchment scale. By doing so, more complex environmental
processes such as water table rise, salinity and stream flow could be examined over a
longer period of time.

Prior to development, three biophysical pasture models (GRASP, GRASSGRO and the
SGS pasture model) were assessed in relation to the field data collected in the Density
experiment. These models were potentially the most suitable developed as each had
attempted to model Australian native pastures, which have received little attention
compared to their exotic counterparts. The various features and capabilities of each
model considered necessary within the scope of this study have been compared in Table
7-1 below.
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The decision to construct a native pasture sub-model rather than utilise a model already
available was based on the need to have full control over the model’s conceptualisation,
process description and parameterisation. This was necessary to be able to modify
aspects of the model to make it dynamic with respect to plant abundance. To expand
the predictive value to the exercise to catchment-scale effects the model needed to be
incorporated into the Catchment Analysis Tool (CAT). It was therefore essential that
incorporation be both permitted and straightforward, further reinforcing the decision to
construct the model.

7.1.1 One-dimensional pasture models currently modelling native pastures

GRASP
The model GRASP has been designed to simulate native pastures in tropical and
sub-tropical environments of Northern Australia. Originally based on the pointscale pasture production model outlined by McKeon et al. (1982), GRASP is
mechanistic by nature though algorithms within the model are empirically derived.
GRASP was first developed in 1995 and was upgraded to Subroutine GRASP (a
collation of many different versions of the original model) in 2005 (Littleboy and
McKeon 2005). Both versions have been referred to together here as GRASP.

Daily climate data is used in GRASP to simulate the soil water balance and
pasture and animal production of both native and now also improved pasture
systems. The model was developed from an extensive collection of data on over
80 native grass species from studies on 46 native pasture communities carried out
since the 1960’s.

Simulation priorities for GRASP have been associated with the impact of
production and environmental features ubiquitous to grazing systems in
subtropical and tropical Australia. One such attribute is the spatial density of
swards – an attribute also considered valuable in this study. Subroutine GRASP
simulates only aboveground growth which is partitioned into green biomass,
standing dead and litter (Littleboy and McKeon 2005).
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GRASP does not simulate the phenological development of the sward and
consequent changes in root:shoot partitioning nor does it simulate some
components of the soil water balance (such as run-on, lateral drainage or
unsaturated flows in saturated soils), animal behavioural attributes, components of
the carbon and nitrogen cycles and changes in woody vegetation composition
(Littleboy and McKeon 1997; 2005). Whilst constructed for native pastures,
GRASP lacks the complexity to accurately simulate pasture and soil water
dynamics on a small scale. Given the absence of important attributes such as
rooting depth and distribution it was decided that it was not appropriate for this
study.

The SGS Pasture Model
For temperate, southern Australia, two biophysical pasture models of significance
have been developed: the Sustainable Grazing Systems (SGS) pasture model and
GrassGro. The SGS pasture model was developed as part of a large national
project (Sustainable Grazing Systems) for the purpose of analysing data and
processes on a daily time step within the national experimental sites (Johnson et
al. 2003). The model contains five modules; water dynamics, nutrient dynamics,
herbage accumulation, animal growth and management; each constructed in the
simplest fashion possible whilst ensuring appropriate system behaviour (Johnson
et al. 2003).

The model was constructed in such a way as to give full parameterisation control
to the user. Whilst specific parameter profiles for some of the introduced
temperate species (e.g. phalaris, annual ryegrass, perennial ryegrass) have been
constructed, generic native perennial grass profiles were created for both C3 and
C4 grasses. No specific parameterisations have been incorporated for individual
native grass species. However, for a Bothriochloa macra dominant native pasture
at the SGS experimental site at Barraba in north east NSW a parameter set was
constructed by Lodge et al. (2003) to simulate annual changes in the soil water
balance.

Whilst flexible parameterisation removes the limitations on the range of pasture
species that can be modelled, it also necessitates the collection of extensive
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species information. The accuracy of the simulation is therefore determined by
how well the pasture species has been parameterised by users. Flexible
parameterisation would also limit model complexity as users would be disinclined
to use the model if extensive parameterisation were required. Johnson et al.
(2003) highlighted the need to balance complexity, realism and tractability with
simple parameterisation. There is also the issue of repeatability in that users may
parameterise the same pasture species differently and therefore create different
outcomes. To date there has been no published material outlining the validation
success or process for this model.

GrassGro
The GrassGro decision support tool was first released in 1999 (Donnelly et al.
2002) with a second release in 2003 (Salmon et al. 2003) and a third in 2007.
GrassGro combines animal, soil moisture and pasture growth models with a
management regime to simulate pasture and animal production of grazing
enterprises (Moore et al. 1997; Clark et al. 2000) at a number of locations and soil
types. This is done on a daily time-step with the only input data required being
daily meteorological data. The GrassGro decision support tool now has the
capability of simulating simple grazing production systems including economic
analysis and a simple soil water balance.

GrassGro contains individual parameter sets for a number of temperate pasture
species but only a few attributes (such as rooting depth) can be adjusted by the
user.

Non-adjustable parameter sets mean that the model’s accuracy depends

completely on the quality of the parameter set and the underlying theory within the
model rather than the user. The major limitation for application in native pasture
systems is the lack of pasture parameterisation for native species. In the 2003
version of GrassGro, a dataset for Bothriochloa spp. was developed though it has
not been publicly tested (Salmon et al. 2003). Clark et al. (2000) informally
derived a parameter set for Microlaena stipoides to simulate pastures in the
Australian Capital Territory with limited success. Another limitation is the
assumption of homogeneous swards leading to an inability to simulate the effect
of pasture management on composition, particularly in periods of drought (Clark
et al. 2000).
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Table 7-1 A comparison of model features and capabilities for the pasture models GRASP, SGS pasture model, GRASSGRO and the Native
Pasture Model as published or commercially available in October 2007.
Feature

GRASP

SGS pasture model

GRASSGRO

Native Pasture model

General features:
Region developed for
Empirical/Mechanistic
Dimensions
Application to catchment
Separation of tissue pools
Number of parameters
Validation
Access to code
Published documentation
Model capabilities:
Models plant abundance
Native species
Root development
Soil water
Lateral flow
Nutrient cycling
LAI
Biomass
Digestibility
Seed recruitment
Harvest or grazing?
Reproductive staging

Subtropical/Tropical
Australia
Empirical
1D
no
no
36
yes
yes
(Littleboy and McKeon
1997; 2005)

Temperate Australia

Temperate Australia

Temperate Australia

Mechanistic
1D
no
yes
~28
no
no
(Johnson et al. 2003;
Johnson 2005)

Mechanistic
1D
no
yes
71
yes
no
(Moore et al. 1997; Salmon
et al. 2003)

Mechanistic
1D (submodel), 3D (CAT)
yes
yes
62
yes
yes

yes
yes
no
yes
no
no
no
yes
no
no
grazing
no

no
yes
yes
yes
no
yes
yes
yes
no
annual species only
grazing
annual species only

no
no – nothing published
yes
yes
no
no
yes
yes
yes
annual species only
grazing
yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
no
harvest
yes
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7.1.2 The Native Pasture Model (NPM)
In the construction of the Native Pasture Model (NPM), an underlying principle was to
ensure that all equations were a true representation of the underlying biophysical
processes and that all input data was accurate (Rickert et al. 2000). A similar
philosophy to that of the SGS model (Johnson et al. 2003) has been adopted in that a
balance between simplicity and accuracy has been sought though, the incorporation of
reproductive staging and abundance has lead to the derivation of a greater number of
parameters. The NPM is generally mechanistic in nature though the abundance
coefficient has been modelled empirically based on the relationships derived from data
collected in the Density experiment (Chapter 5). Where possible, data collected from the
Density experiment was used to parameterise each grass species.

This model has not attempted to model nitrogen or carbon cycles though the CAT
framework has the capacity to do so should these features be required later. It has not
incorporated grazing or animal production of any kind. Management has thus far been
limited to harvest events, reflecting those that occurred in Chapter 5.

7.1.3 The Catchment Analysis Tool (CAT) framework
The CAT framework has been developed by the Victorian Department of Sustainability
and Environment, Department of Primary Industries (VIC) and the Co-operative
Research Centre for Plant based Management of Dryland Salinity for the purpose of
simulating groundwater dynamics, stream flow and salinity outputs of key catchments.
It is spatially explicit, comprising many sub-models for the simulation of plant-soilwater dynamics in crops, pastures, forests and native vegetation across a catchment.
Surface elements of the model are linked to either of two multi-layered groundwater
models MODFLOW and FEFLOW (Beverly et al. 2004; 2005). The model developed
can be used as a research tool for modelling the effects of native pastures on water use
at the point scale or, if incorporated into a catchment framework, can be used to assess
catchment hydrological scale impacts.

The construction of this chapter has undergone some distinct phases, which is reflected
in the sequence of headings below. Firstly the construction of the NPM is discussed in
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terms of its genesis and distinguishing features. Secondly, the process of
parameterisation is described followed by the validation process and some evidence of
the model’s performance in matching experimental data (from Chapter 5). Finally, the
one dimensional NPM is used as a sub-model in the three-dimensional CAT framework
to extrapolate the data to the catchment scale. The Bet Bet catchment located in northcentral Victoria was used to examine the impact of pasture botanical composition on
water tables, stream salinity and stream flow.

7.2

Methods

The construction of the Native Pasture Model (NPM) was a developed by the author
under the guidance of Dr Craig Beverly from the Victorian Department of Sustainability
and Environment and the Co-operative Research Centre for Plant-based Management of
Dryland Salinity. Following model construction, the model was parameterised for the
species Bothriochloa macra and Austrodanthonia spp. planted at 25 plants m-2 (Chapter
5). Once validated, the NPM was incorporated into the CAT framework and applied to
the Bet Bet catchment in North Central Victoria, which has been modelled with CAT
previously. Here the output was evaluated and compared to generic pasture and tree
models currently being used in other CAT framework applications.

7.2.1 Model construction
The underlying mathematical and theoretical concepts of a number of dynamic
biophysical pasture models (Littleboy et al. 1992; Littleboy and McKeon 1997; Moore
et al. 1997; Johnson et al. 2003) were studied prior to commencing the development of
the Native Pasture Model. Key concepts incorporated into the NPM that deviate from
currently used biophysical pasture models have been presented below. The technical
manual for the NPM is presented in Appendix 3 which has been incorporated into the
complete technical manual for CAT (Beverly 2007) along with its other sub-models.
The model was constructed to simulate the Density experiment conducted at Wagga
Wagga, NSW whereby the C3 grass Austrodanthonia spp. and the C4 grass Bothriochloa
macra were planted in a randomised complete block design at four planting densities (4,
9, 16 and 25 plants m-2) and monitored for changes in soil water content to a depth of
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180 cm (Chapters 2 and 5). The Native Pasture Model is a phenologically driven model
designed to simulate daily pasture growth and soil water dynamics. A systems diagram
of the internal structure and flow paths of the NPM is presented in Figure 7-1.

7.2.1.1 Pasture growth
The tissue pooling system was based on the method used by the SGS model (Johnson et
al. 2003) and described the overall biomass/energy transfer system with aboveground
photosynthates passing through immature, mature, senescing and dead phases on the
way to a litter pool and eventually a null pool which returns carbon to the soil. The rate
at which this material passes through these pools is species specific though all rates are
appropriately influenced by temperature and soil moisture.

All grasses were made to cycle through various phenological stages (i.e. vernalising,
vegetative, early reproductive, flowering and post-reproductive) in a similar but slightly
more complex fashion to Moore et al. (1997) with the length of each stage varying with
time of year, environmental conditions and species. The phenological stage of the plant
principally impacts upon the partitioning of photosynthates into root, immature leaf,
immature stem and seed pools but also influences minor processes such as mobilisation
of root reserves, the rate of which is also controlled at the species level.
As with GrassGro (Moore et al. 1997), net primary production is calculated as a
function of solar radiation and light interception, with limitations on growth based on
soil moisture status, fertility, temperature and basal area. As native pastures often retain
a substantial proportion of standing dead between seasons (Dunin et al. 2006), it was
necessary to account for this to prevent over production when allowed to grow tall and
rank. Available light is therefore a function of green leaf area index (GLAI) which has
been modified from Moore et al. (1997) to contain a shading function as found in
Equation 7-1.
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Soil data

Rainfall

Radiation

Temperature

Daylength

Potential transpiration

Transpiration
Mulch
Soil evaporation

Plant Available Water (PAW)
Available Light

Growth Limiting Factor for soil moisture
Growth Limiting Factor for temperature
Soil fertility
Basal Area

Green Leaf Area Index
Net Primary Production

Phenology

Photo-assimilate partitioning

Root reserve remobilization

Roots

Tissue pool transfer rate

Seed

Stem
TPTR

Stem

Leaves
Immature

Immature

TPTR

Shoots

Mature

Leaves
Mature
TPTR

TPTR

Stem

Leaves

Senescing

Senescing

Frost

TPTR

Null

Dead

Harvest

Figure 7-1 Internal structure and feedback flows of the Native Pasture Model component of CAT.
State variables are found in square boxes with green boxes representing those that are for specific
tissue classes. Process boxes are coloured blue with a valve to indicate where they impact on the
flow of material. Auxiliary or driving variables (circles) such as climate and soils are external to
the model and influence a range of processes. “TPTR” refers to the tissue pool transfer rate.
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Equation 7-1

where
ALj is the available light for species j
kj is the average extinction coefficient for species j

GLAIj green leaf area index of a species’ established or seedling plants for either species j or
for the entire sward (i)
Glfshadej is the available light limitations due to shading by pasture biomass

The shading function is sigmoidal in shape and relates potential light interception to
pasture biomass (Equation 7-2).

Glfshade j = 1 − (0.9 * ( SIG ( Bmin , Bmax , shdshp )
Equation 7-2

where
Bmin is the minimum biomass levels for the pasture where shade impacts available

light
Bmax is the maximum biomass levels for the pasture above which biomass has no
additional impact on available light
shdshp is the curvature function for biomass and shading
SIG has the following equation below (Equation 7-3):
⎛
⎛ 2 (ln (0.95) − ln (0.05)) ⎛
a + b ⎞⎞⎞
SIG ( x, a, b ) = ⎜⎜ 1 + exp⎜⎜ −
⎜ x−
⎟ ⎟⎟ ⎟⎟
2
b
−
a
⎝
⎠⎠⎠
⎝
⎝

−1

Equation 7-3

where
x, a and b represent Bmin , Bmax and shdshp respectively

7.2.1.2 Basal area
Basal cover was recognised by Day et al. (1997) as an influencing factor affecting
pasture growth rate particularly at the onset of regrowth (e.g. following rainfall,
burning, grazing or harvest events). The importance of basal area has also been
recognised in this study. As a result, in order to account for species abundance, a basal
area coefficient has been added to the calculation of net primary production.

Basal area is a static function which is calculated at the beginning of the simulation
period unlike GRASP (Littleboy and McKeon 1997) which is recalculated as a
percentage and adjusted annually. Day et al. (1997) calculate changes in the basal area
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of individual species as either a function of previous year’s biomass yield (Christie
1978); or as a function of the previous two year’s rainfall (Scattini 1969, as cited by
Day et al. 1997). To describe the relationship between basal area and growth efficiency
(KBA,j), both mechanistic and empirical approaches were investigated in this study
(Figure 7-2). The mechanistic basal equation assumes a sigmoidal function exists
between the minimum and maximum potential basal area. An actual basal area of 0.3
was assumed to equate to maximum potential growth thus leading to Equation 7-4.
K BA, j = 1 − exp(− 12 x j ) 4
Equation 7-4

where
KBA,j is the basal area coefficient for species j
xj is the user defined basal area of species j

The empirical relationship was formulated from a non-linear regression analysis of daily
growth during the growing season (October and November for Austrodanthonia spp.) to
basal area for each species. User-defined parameters KB1,j and KB2,j were derived from
this relationship for each species and incorporated into the power function in Equation
7-5 below. The basal area coefficient using this function was indexed between 0 and 1.
K BA, j = K B1, j x j

KB 2, j

Equation 7-5

where
KBA,j is the basal area coefficient for species j
xj is the user defined basal area of species j
KB1,j is the user defined coefficient for species j
KB2,j is the user defined exponent for species j

It was found that for Bothriochloa macra, Equation 7-4 produced biomass values that
were much closer to observed whereas for Austrodanthonia spp., Equation 7-5 produced
the better values (r2 = 0.77). This may be related to the fact that for Bothriochloa
macra, the upper basal area limits were reached at both 16 and 25 plants m-2 whereas
this did not occur for Austrodanthonia spp. (Chapter 5). Day et al. (1997) found the
relationship between basal area (cover) and yield to be species specific with grasses of
common basal cover to yield ratios sharing similar growth habits, environments and
potentially competitive abilities. Thus, given the different growth habits of these
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species (Wheeler et al. 2002), differences in the basal cover to yield relationship was

Basal area coefficient for growth efficiency

not unexpected.

1.0

0.8

0.6

0.4

0.2

Equation 8-5
Equation 8-4

0.0
0.0

0.1

0.2

0.3

0.4

0.5

Basal area (m2 m-2)

Figure 7-2 Two curves describing the relationship between basal area and the basal area coefficient
for growth efficiency in the calculation of net primary production. The dashed line represents
Equation 7-4 used when simulating Bothriochloa macra. The solid line represents Equation 7-5
used when simulating Austrodanthonia spp.

7.2.1.3 Growth limiting index for soil moisture availability
Temperature and water logging growth limiting factors for this model have been based
on those described by Moore et al. (1997). For soil moisture however, the growth
limiting factor has not been based on transpiration demand (Williams et al. 1989; Moore
et al. 1997), but on soil water availability within the root zone (Equation 7-6) to prevent
the overly rapid use of soil water.
⎧0
⎪
⎪
nj
⎪ θ j − K X 1, j
⎪
glfsoil j = ⎨
⎪
nj
⎪ (K X 2, j − K X 1, j )
⎪
⎪1
⎩

(

)

(

)

⎞
⎛ ⎛ (1 + n j ) K X 2 , j − K X 1, j ⎞
⎜⎜
⎟ −θ j ⎟
⎟
⎟
⎜⎜
nj
⎠
⎠
⎝⎝
⎛ ⎛ ((1 + n j ) K X 2, j )− K X 1, j ⎞
⎞
⎜⎜
⎟ − K X 2, j ⎟
⎟
⎜⎜
⎟
nj
⎠
⎝⎝
⎠

θ j < K X 2, j

K X 1, j ≤ θ j ≤ K X 2 , j

θ j > K X 1, j
Equation 7-6

where:
KX1, j is the minimum soil water deficit for species j
KX2, j is the optimum soil water deficit for species j
KX3, j is the curvature function for soil water deficit for species j
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Smax is the maximum soil moisture held in the soil

θ j is the soil moisture within the root zone (Equation 7-7) and
nj is the following Equation 7-8.

θj=

ndeps

∑ rden
i =1

i, j

⎛ swi ⎞
⎟⎟
⎜⎜
⎝ FCi ⎠
Equation 7-7

n j =1+ 2.K X 3, j
Equation 7-8

where:
j is the pasture species
ndeps is the number of soil layers
rdensi,j is the root density/distribution within layer i for species j
swi is the soil water (mm) in layer i
FCi is the field capacity (mm) of layer i

By basing the soil moisture growth limiting factor on available soil water, grasses are
able to utilise all available soil water within the root zone and become more responsive
to summer rainfall events. A further parameter was added to adjust the rate of soil
water depletion during periods of high evaporative demand. To prevent the too rapid
depletion of the soil profile and to mimic the reduction or cessation of growth in periods
of high evaporative demand in time with soil water depletion, an additional rate
parameter was included. This parameter calculates the rate of soil moisture change over
a number of days and multiplies the rate of leaf senescence accordingly. In this way,
response to changes in soil moisture can be made species specific.

7.2.1.4 Water uptake and root distribution
Greater focus has been placed on root distribution in this model than previous pasture
models given the large amount of study into root distributions in previous chapters and
the discovery of differing root distributions between Bothriochloa macra and
Austrodanthonia spp. in Chapter 6. In most models, a root distribution function is
required to quantitatively describe the process of water uptake and this is often not
expressed explicitly (Gardner 1991). Root distribution has been addressed in only a few
studies (e.g. Thornley 1998; Johnson et al. 2003; Salmon et al. 2003).

For some models, where the distribution of water over space and time is not critical, it
has been suggested that only a very gross description of the water uptake process is
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needed (Gardner 1991). The need for an accurate description of root distribution can be
reduced by modelling in only two dimensions (Thornley 1998). The derivation of an
“effective root distribution” to match observations in the root zone has also been used
with relative success (Gardner 1991). However, where the model is to be used to
improve our understanding of the interaction between roots and their local environment
(e.g. Dunbabin et al. 2002), or as a tool to predict hydrologic outcomes, more detail is
required. Many of these models base water uptake on a sink term related to position in
the soil profile, transpiration demand, soil water conditions, species weighting for water
uptake and the root population at that soil position (Dunbabin et al. 2002). Water
uptake in this model is based on Equation 7-9:
Tranpsi , j = POTT (dfaci .TF j )
Equation 7-9

where
Transpi is actual daily transpiration for species j
POTT is the potential daily transpiration
TFj is the transpiration factor of species j as defined by Equation 7-10.
dfaci is the proportion of roots in layer i as shown in Equation 7-12.
⎛
⎛ ⎛ ASW
TF j = max ⎜ 0, min⎜ ⎜
⎜ ⎜ KW 1, j
⎜
⎝⎝
⎝

⎞⎞
⎞
⎟ ,1.0 ⎟ ⎟
⎟
⎟⎟
⎠
⎠⎠
Equation 7-10

where
ASW is the available soil water as defined above in Equation 7-7 and
KW1 is the average soil water (ASW) threshold for water use by species j
Potential transpiration (POTT) is calculated as follows in Equation 7-11
POTT = min(cover.pan, pan-se)
Equation 7-11

where
cover is the green active cover term [0,1]
pan is the potential daily evaporation (mm)
se is soil evaporation (mm)

The proportion of roots assigned to each soil layer (dfaci) is associated with soil
moisture extraction due to transpiration (Equation 7-9). This is calculated from the
product of a root penetration factor and a root density factor as defined by:
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dfaci = root i . rdensi
Equation 7-12

where
dfaci is the proportion of roots in layer i
rooti is root penetration factor for layer i
rdensi is root density factor for layer i
The root penetration factor (rooti) represents the proportion of roots that have penetrated
individual soil layers.
⎧1
⎪
⎪⎛ dwe − depthi
root i = ⎨⎜⎜
⎪⎝ depthi +1 − depthi
⎪0
⎩

dwe > depthi +1
⎞
⎟⎟
⎠

depthi ≤ dwe ≤ depthi +1
dwe < depthi
Equation 7-13

where
rooti is root penetration factor for layer i
depthi is depth at bottom of profile layer i (mm)
dwe is the current root depth (mm)

The root density factor determines the distribution of total roots to each soil layer and
thereby defines the overall distribution of roots for the species. Four options were
developed for the root density factor (rdens) within the NPM controlled by parameter
KR3 as shown in Table 7-2. The relative distributions produced by these four options
can be found in Figure 7-3. The Gale and Grigal β function (KR3= 2) was used in both
the Austrodanthonia spp. and Bothriochloa macra parameter sets as β values were taken
directly from root data collected at the Density experiment (Chapter 6).
The Gale and Grigal (1987) root distribution function (Equation 7-16, KR3 = 2) is
described in Chapter 2 and has been applied to field data for which this model was
developed in Chapter 6. The parameter KR4 specifies the β value calculated for each
species based on this field data. Typically this value varies between 0.8 and 0.999.
Bothriochloa macra was found to have a value of 0.90 and Austrodanthonia spp. had a
value of 0.97. Following the application of this model, these values were then
normalised such that the sum of all factors is unity as in Equation 7-17.
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Table 7-2 A summary of root distribution options found in the Native Pasture Model

Parameter
setting

KR3 = 0

KR3 = 1

KR3 = 2

KR3 = 3

Root function

Equation

Generic crop
function

⎛
depthi − 300 ⎞
⎟
rdensi = ⎜⎜1.0 − 0.9
dwe MAX − 300 ⎟⎠
⎝

(Equation 7-14)

Ritchies equation
(Equation 7-15)

Gale and Grigal β
function
(Equation 7-16;
Equation 7-17)

rdens j ,i = e

( −4.0 . depth( i +1 ) / dwe )

depthi ≥ 300 mm

. ( depth( i +1) − depthi )

rdensi , j
rdens j ,i = (1 − K R 4, j ) Depthi ; rdensi , j = ndeps
∑ rdensi, j
i =1

Uniform extraction
function

rdensi , j = (depth( i +1) − depthi ) / dwe j

(Equation 7-18)
dwe is the current root depth (mm)
KR4,j is the user defined shape parameter for
species j

rdensi is root density factor for layer i
depthi is depth at bottom of profile layer i (mm)
dweMAX is maximum root depth (mm)

Proportion of roots [0,1]
0

0.0
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Figure 7-3 Root distributions used the Native Pasture model modelled at increments of 100 mm.
KR3 = 0 refers to Equation 7-14, KR3 = 1 refers to Equation 7-15, KR3 = 2 to Equation 7-16 and KR3 =
3 to Equation 7-18. KR3 = 2 was used in the NPM.
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7.2.1.5 Other features

Currently, the NPM outputs daily phenology, climate, decay rates, growth limiting
coefficients, groundcover, leaf area, allocation of photosynthates to tissue pools, root
mobilisation, tissue pool biomass levels, total biomass, biomass sent to the “null” tissue
pool, harvested and mulch biomass. Total soil water, soil water in the surface layer,
total evapotranspiration, transpiration and soil evaporation are also presented. On a
monthly basis, the above information is also presented in addition to a carbon balance
and a complete water balance. Basic statistics including maximum, minimum, standard
deviation and variance are also outputted for water balance data across the simulation
period. Water dynamics and processes associated with evapotranspiration are
controlled by the soil water sub-model within the CAT framework.

Nutrient cycling was beyond the objectives of the model though the model has these
capabilities and for simplification, no seed germination processes have been
incorporated at this stage. The model has the ability to be grazed by stock through the
continuous removal of a proportion of the aboveground herbage through time though
was not used in the study. An additional option has been added to facilitate validation
whereby the degree and timing of harvest events can be specified by the user. Harvest
events have been simulated to occur on the same days as those carried out in the Density
experiment described in Chapter 5.

Silo meteorological data for Wagga Wagga (QDNRM 2000) and locally derived
weather data were used to form the climate file and a soil data file was created using
data collected from the field site (Chapter 2).

7.2.2 Parameterisation of the Native Pasture Model

Where possible, parameter values were set according to the experimental data collected
in Chapter 5. Such parameters include specific leaf area, root distributions and basal
area. Some values were derived from the literature (e.g. Cook et al. 1976; Robinson
and Archer 1988) and others were estimated according to anecdotal observation.

All other parameters were initially set using the non-linear parameter estimation
software package PEST (Doherty 1994). This software has the ability to interface with
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any model without alteration through the model’s own input and output files (Sarmah et
al. 2006). PEST adjusts input parameters between user-defined upper and lower limits,

running continuous iterations to arrive at the parameter values that most satisfactorily
reproduce observed outcomes between modelled and observed data based on weighted
least-squares criterion. This software program can also be used to determine the
sensitivity of the model to the scaling of parameters. The parameters for which the
model was most sensitive according to PEST are displayed in Table 7-3. The sensitivity
of a parameter is the absolute measure of the change in the model to a change in the
associated input parameter. A complete list of NPM parameters can be found in
Appendix 2.

Table 7-3 Top ten parameters for which the model is most sensitive (change in model per unit
change in parameter) as derived by the PEST software for treatments 25 Bothriochloa macra and
25 Austrodanthonia spp.

Parameter description

Bothriochloa macra

Austrodanthonia spp.

PEST
derived
value

PEST
derived
value

Sensitivity

Sensitivity

Biomass threshold for remobilisation of underground
reserves (kg ha-1), KU1

39.9

107.9

Lower temperature for 95% of maximum growth (oC), KT2

24.4

85.3

23.7

46.1

7.9

84.8

8.1

33.4

0.0097

40.1

0.1

48.6

o

Lower temperature for 5% of maximum growth ( C), KT1
Glftemp multiplication factor used when t>topt, KT8
-1

Radiation use efficiency at a referenced solar (g MJ ), KI3

513.7

30.8

495.7

45.8

Growth limiting factor (temp) for remobilisation for
underground reserves, KU4

0.2

29.6

0.2

25.1

Optimum available percent soil water [0-1], KX2

0.8

25.2

0.8

38.7

0.001

23.3

0.29

22.3

1.5

18.6

1.5

26.8

12.8

67.0

0.0036

19.1

0.97

14.2

o

Specific root loss rate at 10 C [0-1], KR1
Q10 for root loss [0-1], KR2
-1

Conversion factor for cover and LAI (t ha ), KC1
Daylength threshold for commencement of reproductive
phenostage (h), KV4
Relative rate of remobilisation (day-1), KU2
Multiplication/weighting factor, KX5

Though the user can specify parameter limits to avoid unreasonable estimates (Sarmah
et al. 2006), use of the PEST software was limited to less consequential parameters such

as coefficients for describing the shape of response curves. The monthly break between
observation points meant that rises and falls in seasonal green leaf area index (GLAI)
patterns were represented by relatively few observed data points. PEST tended to find
the line of best fit between these points reducing the responsiveness of the curve at
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certain times of the year. For example, it was more important for the pasture to show a
drop in GLAI as a result of low soil moisture than it was to have a lower GLAI that
better satisfied the majority of observed data points. Thus, an iterative approach similar
to a simplex technique was adopted in adjusting parameters to improve model fit for
GLAI. Observed GLAI patterns of only the high density (25 plants m-2) treatments for
both grass species were compared continuously to modelled output throughout this
process. Once, reasonable fit was established at this density, only basal area, initial
biomass and root distribution β values were adjusted to match values recorded in the
lower density treatments.

7.2.3 Evaluation of the Native Pasture Model (NPM)

7.2.3.1 The process of evaluation

For the purposes of this study, it was decided that the Native Pasture Model (NPM)
should be evaluated with respect to both green leaf production throughout the year and
its accuracy with respect to soil water content across time. To do this, field
measurements of green leaf area index (GLAI) and soil water deficits (SWD) were
compared to simulated values. Soil water deficits were calculated to the effective root
depth of each species (Chapter 6) being 120 cm for Austrodanthonia spp. and 180 cm
for Bothriochloa macra, resulting in total plant available water (PAW) values of 141
mm and 204 mm respectively (Chapter 5). The simulation period was started 10 years
prior to the experimental period (October 2003 – May 2005) to ensure the model was
able to cycle continuously and that data was meaningful given that mature plants were
examined in the experiment.

Data points used for comparison with simulated values were determined from the
residual estimated maximum likelihood (REML) analyses carried out in Chapter 5.
REML predicted data gave similar values to mean raw data but as there were significant
spatial (rep x plot) effects present within the Density experiment, this went some way to
accounting for this source of error. As measurements in the Density Experiment
(Chapter 5) were carried out on a monthly basis for approximately an 18 month period,
there is a limitation in the number of experimental points available for validation
reducing the strength of the analysis. Though the statistical analysis used in Chapter 5
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has the ability to predict an infinite number of data points, these predictions are based
on a smooth curve which is inaccurate for this purpose as we have incorporated harvest
events into the simulation model. Therefore, only points predicted on the day of actual
data collection were used in the validation process.

7.2.3.2 Measures of model accuracy

Within the literature, real data comparisons with model generated data are frequently
made. Methods for quantitatively determining the predictive accuracy of model
generated data varies and, is in some cases, avoided (e.g. Asseng et al. 1998; Clark et al.
2000; Johnson et al. 2003; Owens et al. 2004). Common simple measures of differences
between observed and predicted values include coefficient of determination (e.g.
McKeon et al. 1982; Littleboy et al. 1992; Owens et al. 2003), correlation coefficients
(e.g. Clark et al. 2003), mean square errors (MSE, e.g. Kobayashi and Salam 2000) and
root mean square error (RMSE, e.g. Littleboy et al. 1992; Robertson 2006). Other
simple measures less commonly utilised are the mean absolute error (MAE), relative
root mean square error (RRMSE) and relative mean absolute error (RMAE, Wallach et
al. 2006). Equations and descriptions for these measures are outlined in Table 7-4.

Kobayashi and Salam (2000) suggested that the correlation-regression approach is
inappropriate because this method assumes the relationship between modelled and real
data to be linear causing an unnecessary restriction to determining a model’s accuracy.
Others see the assumption of linearity as desirable in all methods when determining a
model’s predictive capacity as the ultimate outcome from modelling is perfect
agreement between the observed and modelled values and hence the satisfaction of the
linear equation y=x (Gauch et al. 2004).

Deviation-based statistics such as the mean square error (MSE) and the root mean
squared error (RMSE, also known as the root mean squared deviation RMSD) have
been advocated as better methods for describing the predictive capacity of a model
(Gauch et al. 2004). These calculations allow for the partitioning into components that
describe the translation, rotation and scatter surrounding discrepancies between
observed and modelled values. According to Gauch et al. (2004) and Wallach et al.
(2006), this allows greater interpretation and assists or accelerates subsequent model
refinement. These components have also been reported by Gauch et al. (2004) to have
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the ability to be used in analysis of variance and in F tests and t tests though this has not
been attempted here.

Table 7-4 Measures used for evaluating the accuracy of modelled versus measured data. Measures
are summarised from Wallach et al. (2006), Sokal and Rolfe (1981) and the MDBC (2000).

Term

Equation

∑ (Y
N

Correlation coefficient
(r)
[0-1]
Coefficient of
determination (r2)
[0-1]
Mean Square Error
(MSE)
(same units as X)2
Root Mean Square
Error (RMSE)
(same units as X)
Relative Root Mean
Square Error (RRMSE)
(%)
Mean Absolute Error
(MAE)
(same units as X)
Relative Mean Absolute
Error (RMAE)

r=

i =1

∑ (Y
N

i

i =1

∑ (X
=
∑ (Y
N

r

2

i =1
N

i =1

i

i

i

−Y

−Y X i − X

)(

)

) ∑ (X

−X

2

N

i =1

i

)
−X)
−X

Comment

)

2

Describes the degree of association
between X and Y.

2

Describes the causation of change in
Y by changes in X.

2

⎛1⎞ N
2
MSE = ⎜ ⎟ ∑i =1 ( X i − Yi )
N
⎝ ⎠

Not an intuitive measure of
performance. Value depends on
sample size though can be further
decomposed to identify sources of
error.

RMSE = MSE

Absolute measure – value is affected
by the range in measured values

RRMSE =

RMSE

More meaningful than RMSE.
Independent of scale.

X

⎛1⎞ N
MAE = ⎜ ⎟ ∑i =1 X i − Y i
⎝N⎠

⎛ 1 ⎞ N X i −Y i
RMAE = ⎜ ⎟ ∑i =1
Xi
⎝N⎠

X = measured value for situation i
Y = modelled value for situation i
N = Total number of ‘situations’

No over-weighting of large
individual differences with this
measure. Better measure of overall
model error.
Each difference is divided by the
corresponding observed value. Not
used widely.

Y = mean of modelled values
X = mean of measured values

At a practical level, MSE and RMSE statistics, when presented in isolation, give little
indication of a model’s predictive accuracy as the size of the MSE or RMSD value
varies with the unit of measure. The mean absolute error may be an improvement on
these measures as the resultant value retains the same units as the corresponding
observed value and is less affected by singularly large sources of error in the data which
are biased by squaring (Wallach et al. 2006).

In biological modelling, particularly of seasonal trends, the presentation of the mean
adds little context as this gives no appreciation of the scale of natural fluctuations.
Gauch et al. (2004) suggests that interpretation of deviation statistics in conjunction
with regression parameters a, b and r can give this context. One method used to provide
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a more meaningful measure of comparative error is to calculate the relative root mean
squared error (RRMSE) which is simply the RMSE divided by the mean of the
observed values (Wallach et al. 2006). This can also be done for the mean absolute
error though not as commonly.

Different measures highlight different features of the data and hence there is no single
best method that should be used in model evaluation (Wallach et al. 2006). Therefore,
for the purpose of this study, a suite of statistical parameters have been provided in
Tables 7-6 and 7-7. The coefficient of determination (r2) is less appropriate than the
correlation coefficient (r) in this study as it implies that measured values affect
modelled values, which is not the case. However, as r2 is so widely used in the
literature, this has also been reported for the 1:1 ratio and the line of best fit. Intercept
(b) and slope (a) have also been reported for the line of best fit for when absolute
accuracy is met, Y = X (1:1 ratio satisfied) and b = 0 and a = 1. For the deviation
statistics RMSE and a RRMSE value in the form of a percentage of the mean are
reported.

7.2.4 Application to the Bet Bet catchment

7.2.4.1 Context

Located within the Loddon catchment of North Central Victoria, the Bet Bet catchment
(Figure 7-4) covers approximately 64,432 ha. The Bet Bet catchment currently exports
around 21,000 tonnes of salt per year according to stream gauge information (DPI
Victoria, 2007) and is a focus catchment for both the North Central Catchment
Management Authority and the Murray Darling Basin Commission. Most of the
catchment area is used for agriculture predominantly grazing of pastures (66%, Figure
7-5), trees cover 19% of the area and the remaining 10% is categorised as towns, roads
and water bodies and horticulture (DPI Victoria, 2007).
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Figure 7-4 Bet Bet catchment located in North-central Victoria (DPI Victoria, 2007).

Like most of the south-eastern high rainfall zone, the Bet Bet catchment was likely to
have been dominated by open woodlands prior to clearing for agriculture. Data
collected by Hill et al. (1999) for the Lexton region (southern region of the Bet Bet
catchment) indicated that native pastures covered 24 to 30% of the land area.
Westbrooke and Hives (1991) reported that 14.4% of the Lexton region was still
‘unimproved’ native pasture, 57.6% had undergone some level of improvement (e.g.
incorporation of clover) and 25.8% had been sown with exotic perennials such as
cocksfoot or phalaris. Data on the types of native species present in these native
pastures is anecdotal though both Austrodanthonia spp. and Bothriochloa macra was
most likely present.
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Figure 7-5 Spatial layout of current land use practices within the Bet Bet catchment.

The catchment is geologically complex and comprises a number of tributaries and
groundwater systems. Local groundwater systems occur predominantly within the
fractured sedimentary, metamorphic and volcanic rock found within the area.
Intermediate groundwater systems occur along the alluvial tracts and narrow basaltic
tongues that traverse the catchment. Fractured granite bodies link to these sub-surface
deep lead systems that traverse the region contributing greatly to groundwater. The mid
to lower slopes are believed to consist of strong, weathering bedrock containing high
salt stores (DPI Victoria, 2007).

Groundwater in this catchment reaches the surface at the break of slope where salinity
discharge zones can also be found continuing down to the valley floor and rising
upwards on the steep gullies (DPI Victoria, 2007). Figure 7-6(a) shows a map of the
various soil types within the catchment which is mostly a mixture of duplex red (Dr)
and yellow (Dy) soils to non-calcareous gradational soils (Gn) and uniform cracking
clays (Ug). Figure 7-6(b) shows an elevation map of the catchment where regions of
highest elevation and subsequently rainfall occur in the south.
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(a)

(b)

Figure 7-6 (a) A soil map of the Bet Bet catchment located in the North Central CMA of Victoria
soil types are described according to Northcote code. (b) An elevation map of the Bet Bet
catchment located in the North Central CMA of Victoria.

7.2.4.2 Application within the CAT framework

The CAT framework was developed by DPI, CRC for Plant-based Management of
Dryland Salinity and CRC LEME (Beverly 2007). Simulations for the Bet Bet
catchment were based on 1:25000 scale spatial data layers for soil, topography, climate
and land use. A three layer groundwater model has been calibrated for the Bet Bet
catchment using groundwater bore hydrograph datasets from 1974 to 2000 (under the
assumption that land use has been consistent over this period) and mapped discharged
site information. Three gauges monitoring stream flow were installed on the Bet Bet
creek and have been collecting nearly continuous data from 1974. Full technical
specifications can be found in Beverly (2007).

Prior to the development of the Native Pasture Model, a generic pasture model was used
in CAT. The generic pasture model is a simple cover-curve model based on the design
of the FAO crop model (Doorenbos and Pruitt 1977) and is parameterised to simulate a
degraded naturalised pasture containing a mix of annual and perennial, native and exotic
pasture species based on a study by Ridley et al. (2003). The parameter set for this
model can be found in Appendix 2. A weakness of the model is that it does not allow
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for changes in pasture composition in terms of the species present, their abundance or
growth habits. At present, any potential land-use change benefits associated with
managing for increasing perenniality or summer dominance cannot be distinguished
with this model. The Native Pasture Model was designed to be a more accurate and
responsive replacement for the generic pasture model.

When simulating in CAT, the catchment is disaggregated into a series of connected
units in which each unit represents a land management unit which varies in size based
on the combination of soil type, climate, topography and land use. This approach
reduces a complex three-dimensional process into a number of connected onedimensional units which can subsequently be evaluated using the assigned onedimensional farming systems model (one of which is the NPM) which simulates the
water balance, nutrient transport and production of each unit. Connection to adjacent
up-slope and down-slope elements enables the lateral redistribution of surface runoff
and interflow (e.g. perched watertables) and facilitates the transport of water and
nutrients from the top of the catchment to streams and end-of-valleys. The partitioning
of water excess into lateral flow components within any surface element was based on
Rassam and Littleboy (2003).

Underlying the zone of soil/water/plant interactions is a three-dimensional
representation of the groundwater system. Deep drainage from each surface element is
partitioned into subsurface flows and recharge. The recharge component is spatially
assigned to the underlying multi-layered groundwater model which simulates the
saturated zone. The groundwater model (MODFLOW, McDonald and Harbaugh 1988)
laterally and vertically redistributes water and simulates time varying groundwater
discharge to stream and land surface. Linking both the zone of soil/water/plant
interactions and groundwater enables the estimation of the total catchment water
balance and fluxes. Specifically the groundwater model simulations provide an
estimation of depth-to-watertable (e.g. area of waterlogging), groundwater discharge to
surface (eg scalded area) and streams (e.g. baseflow) and catchment salt export. Using
the above approach, recharge is temporarily assigned as a known input into the
groundwater models rather than the traditional approach of considering recharge as an
unknown derived parameter. As such, a definable holistic catchment water (and
nutrient if required) balance can be estimated.
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7.2.4.3 Comparison of catchment output

Catchment output was examined with respect to two factors; (i) the impact of the Native
Pasture Model (NPM) on catchment hydrology compared to the generic pasture model
and generic tree model and (ii) the impact of changing from an Austrodanthonia pasture
(C3) to a Bothriochloa pasture (C4) in the NPM. Only those regions mapped as
livestock grazing were modified by the establishment of native pastures accounting for
42,758 Ha (66%) of the catchment area.

Scenarios were developed based on the assumption that the perennial content of native
pastures can be manipulated via grazing or low cost management. It is not expected that
re-establishment would be practical or economical in these landscapes (Virgona et al.
2002). The NPM for both Austrodanthonia spp. and B. macra were developed to
simulate the high density treatments from Chapter 5. These scenarios are:
1. Generic pasture - Current arrangement of vegetation models where grazed
pastures were simulated as degraded naturalised pasture using the generic
pasture model.
2. Bothriochloa pasture – The Bothriochloa macra parameter set from the NPM
replaces the generic pasture model on grazed pasture (all land classes).
3. Austrodanthonia pasture - The Austrodanthonia spp. parameter set from the
NPM replaces the generic pasture model on grazed pasture (all land classes).
4. Bothriochloa pasture >5% - The Bothriochloa macra parameter set from the
NPM replaces the generic pasture model on grazed pasture (all land classes with
a slope of greater than 5%).
5. Austrodanthonia pasture >5% - The Austrodanthonia spp. parameter set from
the NPM replaces the generic pasture model on grazed pasture (all land classes
with a slope of greater than 5%).
6. Generic trees - A generic tree model replaces the generic pasture model on
grazed pasture (all land classes).

Catchment simulations were carried out from 1956 to 2000 retrospectively applying
silage/harvest cuts at approximately monthly intervals as occurred in the initial
experiment (Chapter 5) and the validation process. Figure 7-7 depicts the distribution of
the various land uses/vegetation models across the Bet Bet catchment. Scenarios 1 to 3
were applied to all grazed pastures in the catchment using the generic pasture (green),
Bothriochloa pasture (red) and Austrodanthonia pasture (blue) models respectively.
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Scenario 1. Generic pasture

Scenario 2. Bothriochloa pasture

Scenario 3. C3 pasture

Scenario 4. Bothriochloa pasture >5%

Scenario 5. C3 pasture >5%

Scenario 6. Generic trees

Figure 7-7 The distribution of the various land use models applied to the Bet Bet catchment region
according to the experimental scenarios.
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To simulate the enhancement of native perennials in the less arable regions of the
catchment, the NPM was used only on grazed pasture areas of slope greater than 5% as
represented by Scenarios 4 and 5 (Figure 7-7). This area represented approximately
6.5% of the catchment at 4102 hectares and was more than 10 times less than Scenarios
2 and 3. Land use in the Bet Bet catchment contained 5.5% tree plantations modelled
with the generic tree model prior to the establishment of scenarios. The replacement of
grazed areas with the generic tree model in Scenario 6 increased this proportion to
73.5% of the catchment under tree cover.

A sequential modelling approach was adopted in this study. Initially, the surface soil
modelling was carried out to estimate spatially explicit recharge and lateral flow
volumes (ML ha-1). The recharge estimates were subsequently used to predict water
table depth and groundwater discharge volumes using a three layer distributed
groundwater model (MODFLOW). Stream yields and salt exports were then derived
based on lateral flow (run-off and sub-surface flows), groundwater discharge to surface
and stream (base-flow) and groundwater salt concentrations.

7.3

Results

7.3.1 Evaluation of the Native Pasture Model

7.3.1.1 Green leaf Area Index (GLAI)

The Native Pasture Model simulations for green leaf area index (GLAI) matched
observed GLAI reasonably well, particularly with the timing of growth flushes (Figure
7-8 and Figure 7-9). Austrodanthonia spp. was predicted to have peak GLAI levels in
spring and Bothriochloa macra was found to have peak GLAI levels in late spring to
summer in agreement with the field data. It would also appear from Figures 7-8 and 7-9
and Table 7-5 that this was most successfully achieved in Bothriochloa macra. Higher
correlations for both species occurred in the higher density treatments. A small
response to increased in soil moisture in March 2005 was not captured by either species.
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Table 7-5 Statistics table of actual compared to modelled green leaf area index (GLAI) for all data,
Bothriochloa macra (B) treatments, Austrodanthonia spp. (D) treatments and at individual planting
densities of 4, 9, 16 and 25 plants m-2. n = number of units, b =least squares regression intercept, a
= least squares slope, r = correlation coefficient, r2 = least squares regression, r2 (1:1) = regression
coefficient when fitted to a 1:1 model (i.e. a = 1, b = 0), RMSE = root mean squared error, RRMSE
= relative root mean square error (%).
n

b

a

r

r2

r2 (1:1)

RMSE

RRMSE

All data

152

0.018

0.922

0.931

0.821

0.813

0.015

12.67

B. macra

76

0.043

0.902

0.932

0.825

0.806

0.014

7.67

Austrod. spp.

76

0.002

0.842

0.935

0.659

0.617

0.005

8.23

4B

19

0.045

1.032

0.914

0.840

0.760

0.019

13.92

9B

19

0.043

0.698

0.955

0.871

0.705

0.032

18.39

16B

19

0.032

0.998

0.943

0.887

0.877

0.025

12.07

25B

19

0.031

1.068

0.955

0.826

0.807

0.035

15.79

4D

19

0.002

0.432

0.922

0.261

0.000

0.008

33.45

9D

19

0.002

0.663

0.942

0.320

0.000

0.007

18.07

16D

19

0.006

0.812

0.950

0.480

0.428

0.007

11.65

25D

19

0.038

0.749

0.952

0.684

0.596

0.015

12.81
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0.5
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0.4
0.3
0.2
0.1
0.0

9 plants m-2
0.4

Green Leaf Area Index (GLAI)

0.3
0.2
0.1
0.0

16 plants m-2
0.4
0.3
0.2
0.1
0.0

25 plants m-2
0.4
0.3
0.2
0.1
0.0
Oct 03

Jan 04

Apr 04

Jul 04

Oct 04

Jan 05

Apr 05

Figure 7-8 Green leaf area index of Austrodanthonia spp. when planted at 4, 9, 16 and 25 plants m-2.
Black circles represent actual green leaf area index (GLAI) values statistically derived (REML)
from experimental data (Chapter 5) and line represents model simulated GLAI across
experimental period from December 2004 to May 2005.
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Figure 7-9 Green leaf area index (GLAI) of Bothriochloa macra when planted at 4, 9, 16 and 25
plants m-2. Black circles represent actual green leaf area index (GLAI) values statistically derived
(REML) from experimental data (Chapter 5) and line represents model simulated GLAI across
experimental period from December 2004 to May 2005.

Figure 7-10 presents the relationship between modelled values of GLAI for each species
compared to REML predicted values determined from experimental data. Overall,
modelled GLAI was linearly related to actual GLAI for both species though both
showed an accumulation of data points towards the origin due to generally low GLAI
Chapter 8. The Native Pasture Model

213

values throughout the experimental period. Austrodanthonia spp. had much lower
GLAI values (note change in axes scale in Figure 7-10) compared to Bothriochloa
macra producing a greater number of points near zero.

(1
:1
)

(1
:1
)

0.5
1.2

Modelled GLAI

Modelled GLAI

0.4
0.9
0.6
0.3

0.3
0.2
0.1

Bothriochloa macra
0.0

Austrodanthonia spp.
0.0

0.0

0.3

0.6

0.9

1.2

0.0

Actual GLAI

0.1

0.2

0.3

0.4

0.5

Actual GLAI

Figure 7-10 Actual green leaf area index (GLAI) values statistically derived (REML) from squareroot transformed experimental data (Chapter 5) compared to modelled values across the
experimental period for Bothriochloa macra and Austrodanthonia spp. across all planting densities.
Line represents the 1:1 ratio. Note the change in scale for Austrodanthonia spp.

The correlation coefficient (r) between all GLAI data and modelled data was high at
0.93 for both species (Table 7-5). This must be viewed with caution as an assumption
of correlation is that data is normally distributed and given the accumulation towards
the origin, data was not normality distributed in Austrodanthonia spp. When
constrained to a 1:1 ratio, the coefficient of determination (r2) for all data dropped little
changing from 0.8208 to 0.8132. This, along with intercept and slope values equalling
close to 0 and 1 respectively, suggests that overall modelled estimates were consistently
near actual GLAI. Given that the upper density treatments of each species (25D and
25B, Table 7-5) were used in the parameterisation process, this was partly expected.
However, lower density treatments also appeared to have acceptable agreement with
actual GLAI in terms of the correlation coefficient (r).

Overall, the RRMSE for GLAI was only 12.7% improving at the species level to similar
low levels of 7.7% and 8.3% (Table 7-5). There was a greater drop in the coefficient of
determination (r2 and r2 (1:1)) for the lower density (4 and 9 plants m-2) treatments,
particularly for Austrodanthonia spp. (4D and 9D in Table 7-5), suggesting that the
relationship between actual and modelled GLAI was less accurate and furthest from
unity for these treatments. This was also evident from the greater RRMSE values for
4D and 9D were 33.5% and 18.1% respectively though Bothriochloa macra planted at 9
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plants m-2 (9B) was also of this order at 18.4%. RMSE values were much lower in
Austrodanthonia spp. than Bothriochloa macra given the much smaller mean GLAI in

the former species. The scale of RMSE statistics clearly matched the amount of GLAI
produced by each treatment limiting its use in determining treatment accuracy.

7.3.1.2 Soil water deficit (SWD)

Simulated soil water deficit (SWD) patterns accurately reflected field soil water patterns
(Figures 7-11 and 7-12) in terms of timing and extent of wetting/drying. RRMSE
values indicate that the fit was not as high in the SWD data as it was for the GLAI data.
Closer inspection of Figure 7-11 reveals that the Austrodanthonia spp. treatments
underestimate SWD by only 16 mm in the first year with individual root mean square
errors (RMSE) varying between 14 and 18 mm (Table 7-6). Simulated Bothriochloa
macra treatments produced only slightly larger RRMSE values representing 28.4% of

the mean (Table 7-6), underestimating SWD in the spring-summer period of both years
(Figure 7-12) but overestimating in early autumn. In both 4 and 9 plants m-2 treatments
of Bothriochloa macra (Figure 7-12), maximum SWD was underestimated in the
second year though agreement is reached for maximum SWD in the 16 and 25 plants
m-2 treatments.

Table 7-6 Statistics table of actual compared to modelled soil water deficits (SWD) for all data,
Bothriochloa macra (B) treatments, Austrodanthonia spp. (D) treatments and at individual planting
densities of 4, 9, 16 and 25 plants m-2. n = number of units, b =least squares regression intercept, a
= least squares slope, r = correlation coefficient, r2 = least squares regression, r2 (1:1) = regression
coefficient when fitted to a 1:1 model (i.e. a = 1, b = 0), RMSE = root mean squared error, RRMSE
= relative root mean square error (%).
n

b

a

r

r2

r2 (1:1)

RMSE

RRMSE

All data

184

18.47

0.91

0.906

0.867

0.800

20.872

26.23

B. macra

92

32.60

0.81

0.825

0.869

0.732

28.804

28.37

Austrod. spp.

92

2.87

1.11

0.812

0.874

0.814

15.920

27.63

4B

23

29.32

0.952

0.916

0.835

0.619

34.855

37.67

9B

23

39.34

0.782

0.933

0.912

0.638

30.503

30.92

16B

23

20.03

0.840

0.942

0.889

0.851

22.600

22.14

25B

23

35.09

0.788

0.909

0.911

0.778

25.741

22.82

4D

23

-5.41

1.16

0.511

0.850

0.832

14.375

30.09

9D

23

0.68

1.24

0.566

0.886

0.755

18.432

31.44

16D

23

1.81

1.13

0.693

0.903

0.839

14.324

25.24

25D

23

13.16

0.97

0.827

0.907

0.809

16.193

24.07
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Figure 7-11 Soil water deficits generated for Austrodanthonia spp. when planted at 4, 9, 16 and 25
plants m-2. Black circles represent actual SWD statistically derived (REML) from experimental
data (Chapter 5) and lines represent model simulated values across the experimental period from
December 2004 to May 2005.
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Figure 7-12 Soil water deficits generated for Bothriochloa macra when planted at 4, 9, 16 and 25
plants m-2. Black circles represent actual SWD statistically derived (REML) from experimental
data (Chapter 5) and lines represent model simulated values across the experimental period from
December 2004 to May 2005.

In December 2003, the NPM predicted a sharp drop in SWD evident in Figures 7-11
and 7-12. It is unknown why this occurred but it caused the modelled soil moisture
curve to deviate from actual soil moisture, particularly in Austrodanthonia spp.
Modelled soil moisture deficits increased at approximately the same rate as actual
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deficits but was up to 25 mm lower than actual affecting point-scale estimates of model
accuracy.
The correlation coefficient (r) for all data was calculated to be 0.9060 (Table 7-6) and
there was a small drop in the coefficient of determination (r2) when constrained to the
1:1 ratio changing from 0.8669 to 0.8003. Slope (a) values for all data and individual
treatments were close to 1 though intercept (b) values varied up to 39.34 mm which
represented 20% of the PAW. Correlation values decreased with decreasing density for
the Austrodanthonia spp. treatments (Table 7-6) suggesting that upper density
treatments were more accurate. This did not occur for Bothriochloa macra though
intercept values (b) were further from the origin.

The greater deviation from unity depicted by the lower coefficient of determination
(r2 (1:1) ) values in Table 7-6 was also evident in Figure 7-13 which displayed the
relationship between REML soil water deficit predictions and modelled estimates of soil
water deficit. Again, overall soil water deficits were lower in Austrodanthonia spp. than
in Bothriochloa macra leading to more data points closer to the origin. Generally
correlation was relatively high though a systematic pattern was evident Figure 7-13.
The distribution of residuals was approximately normal.

Modelled soil water deficit (mm)

200

1)
(1:

150

100

50

0
0

50

100

150

200

Actual soil water deficit (mm)

Figure 7-13 Actual soil water deficit (SWD) values statistically derived (REML) from the
experimental data collected in Chapter 5 compared to modelled values across the experimental
period for all pasture species and densities. Line represents the 1:1 ratio.
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7.3.2 Application at the catchment scale

7.3.2.1 Upper soil water predictions

Prior to modelling the groundwater component, results were collated from the surface
soil component. Table 7-7 summarises the mean recharge and quick flow (run-off plus
lateral flow) recorded for each scenario for both the entire catchment and the grazed
pasture area where scenarios differed. Estimates of recharge for each scenario have
been spatially depicted in Figure 7-14.

As expected, pastures contributed more to recharge and quick flow than trees (Scenario
6). This is clearly evident from the size of their associated shaded areas in Tables 7-9
and 7-10. Generally, mean recharge estimates were higher in the pasture area than
across the catchment with exception to the tree scenario (Scenario 6) where only 4.2
mm yr-1 was recorded in the pasture area (Table 7-7). Quick flow was similar across
both pasture and catchment areas generally only differing by 1-2 mm. Scenario 6 was
again the exception with lateral flow being less in the pasture area.

Table 7-7 Mean quick flow (run-off plus lateral flow) and recharge estimates for the Bet Bet
catchment for scenarios using the Native Pasture Model, the generic pasture model and the generic
tree model within CAT.

Scenario

1

2

3

b

Generic pasture model

Recharge (mm)
Catchment Pasture area
47.5
(37.6)b

Quick flow (mm)
a

Catchment Pasture areaa

51.6

22.1

20.3

(25.7)

(22.7)

(14.8)

Bothriochloa pasture

38.9

39.0

28.4

29.6

(NPM), all land classes

(35.3)

(21.5)

(22.7)

(15.1)

Austrodanthonia pasture
(NPM), all land classes

51.7

57.9

29.0

30.5

(39.6)

(28.7)

(23.5)

(16.8)

Bothriochloa pasture

46.3

49.9

22.3

20.6

(NPM), > 5% slope

(37.2)

(25.1)

(22.7)

(15.0)

5

Austrodanthonia pasture
(NPM), > 5% slope

47.8

52.1

22.7

21.3

(37.9)

(26.2)

(23.4)

(16.6)

6

Generic tree model

18.8

4.2

5.6

1.3

(42.2)

(3.1)

(13.5)

(1.2)

4

a

Description

The catchment area occupied by grazed pastures
Values in brackets indicate the relative standard deviation for recharge and lateral flow measurements
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Scenario 1. Generic pasture

Scenario 2. Bothriochloa pasture

Scenario 3. Austrodanthonia pasture

Scenario 4. Bothriochloa pasture >5%

Scenario 5. Austrodanthonia pasture >5%

Scenario 6. Generic trees

Figure 7-14 Recharge estimates of greater than 50 mm for experimental scenarios across the Bet
Bet catchment using CAT.
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Of the pasture scenarios for the pasture area, the Austrodanthonia pasture option
(Scenario 3) contributed most to soil water recharge at 57.9 mm, 6.3 mm greater than
the generic pasture model. Quick flow also increased by 10.2 mm (Table 7-7) which
was approximately the same as the Bothriochloa pasture in Scenario 2 both showing
similar recharge patterns across the catchment Figure 7-14. In Scenario 2 (Bothriochloa
pasture) however, recharge was reduced by 12.6 mm compared to Scenario 1. When
the Bothriochloa and Austrodanthonia pasture options were constrained to slopes
greater than 5%, only small changes in recharge and quick flow were found across the
pasture area with the Bothriochloa pasture >5% decreasing recharge by 1.7 mm and the
Austrodanthonia pasture increasing recharge by 0.5 mm compared to the generic

pasture model (Figure 7-14).

7.3.2.2 Groundwater predictions

Scenarios 2 (Bothriochloa pasture) and 6 (generic trees) were found to have the greatest
impact on groundwater dynamics in the Bet Bet catchment reducing recharge by 16%
and 70% respectively (Table 7-8) relative to Scenario 1 (generic pasture). As a
consequence, less groundwater base flow was predicted to occur, reducing salt output
from the catchment by 5004 and 19112 tonnes yr -1 (Scenarios 2 and 6 respectively).
Stream flow was also reduced in Scenario 6 by 6299 ML however, due to greater lateral
flow and run-off in Scenario 2, stream flow increased by 3987 ML. Scenario 3
(Austrodanthonia pasture) increased recharge, stream flow and salt output relative to
scenario 1 (generic pasture). Very little difference was found between scenario 1and
scenarios 4 and 5 where the NPM was only applied to the upper slopes (>5% slope) of
the pasture area. Given that this land class comprised such a small portion of the
catchment area (6.5%), this was expected.

Evapotranspiration levels were similar in all pastures though partitioning differed with
the Scenario 3 (Austrodanthonia pasture) partitioning most to transpiration and the
generic tree model (Scenario 1) least. Soil evaporation was highest beneath Scenario 6
(generic trees) at 204 mm and least beneath Scenario 1 at 150 mm.

The saturated area in Table 7-8 refers to the height of the water table. The area of land
with shallow water tables was greatest in the scenarios containing the Austrodanthonia
pasture (Scenarios 3 and 5) and substantially less for Scenario 6 (generic tree). The area
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where the water table was estimated to be within 0.1 m of the soil surface (discharge
area) was 11 hectares smaller in the Scenario 1 (generic pasture) compared to the
Scenario 3 (Austrodanthonia pasture). This is small given that Scenario 2
(Bothriochloa pasture) was estimated to have 80 hectares less and scenario 6 (generic
trees) 149 hectares less discharge area than the generic pasture model (Scenario 1).

Stream salinity was estimated to range from 1885 EC (Scenario 1) to 1080 EC (Scenario
6). Scenario 2 was considerably lower than all other pasture scenarios at 1355 EC. All
estimates were in the low to medium salinity range (Waterwatch South Australia 2006)
though estimates were calculated based on groundwater salinity levels only.

Table 7-8 Estimates of water balance components (mm), saturated areas (ha) and stream salinity
levels (EC) for scenarios 1 to 6 and the relative changes in recharge (%), groundwater base flows
(ML) and salt outputs (t) for each scenario compared to the generic pasture model.
1
2
3
4
5
6
Scenario
Generic
B. macra
Austrod.
B. macra
Austrod.
Generic tree
pasture
>5%
>5%
Water Balance (mm):
557.2

557.2

557.2

557.2

557.2

557.2

6.9

16.4

12.8

7.8

7.4

8.4

Soil evaporation

188.1

175.1

149.7

186.7

183.5

203.9

Transpiration

298.8

315.4

327.1

301.2

302.6

330.4

Evapotranspiration

486.9

490.5

476.8

487.9

486.0

534.4

Lateral flow

15.2

12.1

16.2

14.5

15.3

3.7

Recharge

47.5

38.9

51.7

46.3

47.8

12.5

<2.0 m

5368

4181

5612

5070

5149

2268

<1.0 m

733

515

785

689

718

220

<0.1 m

186

106

197

167

176

53

1885

1355

1619

1832

1840

1080

Rainfall
Runoff

Saturated area (Ha)

Stream salinity (EC)

Changes relative to Scenario 1:
Recharge (%)

0

-16.3

11.3

-0.3

2.8

-59.9

Stream flow (ML)

0

3987

4378

132

409

-6299

Salt output (t)

0

-5004

1301

-860

-198

-16621
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7.4

Discussion

7.4.1 Validation of the Native Pasture Model (NPM)

Great effort has gone into ensuring that the development and validation processes within
the NPM have been clear and the evaluation criteria presented is both meaningful and
comparable to other models. This is not always the case in model development (see
Section 7.2.3.2). According to Day (2001) “the potential for a model to describe yield
[or any other state variable] variation in a particular set of data is going to be
determined by whether the major causes of variation in the dataset are appropriately
described in the model.” As found in other relevant models (e.g. Ritchie 1972; Littleboy
et al. 1992; Moore et al. 1997), green leaf area index (GLAI) is the main driver of both

water use and growth. In developing the NPM it was also assumed that the major
causes of variation in plant water were climatic factors, the relationship between growth
and basal area to growth ratios and root distribution. Overall, the construction of the
Native Pasture Model (NPM) was similar to the widely used models of Johnson et al.
(2003) and Moore et al. (1997).

Basal area (used as a measure of abundance) has been applied little in pasture modelling
with the exception of GRASP (Littleboy and McKeon 1997). Given that abundance
varies widely in the landscape, particularly in native pastures, its inclusion was
necessary. Different relationships were developed between basal area and green leaf
growth for Bothriochloa macra and Austrodanthonia spp. These functions appeared to
model variations in GLAI in response to planting density reasonably well for
Bothriochloa macra. The relationship between GLAI and planting density was found to

decline for the lower density Austrodanthonia spp. treatments (Figure 7-8) suggesting
that the relationship between GLAI and basal area has not yet been adequately
described for this species. Austrodanthonia spp. treatments of low basal areas had
consistently lower GLAI values forcing all values close to zero. This may have
prevented the establishment of a meaningful relationship according to the statistics as
error would be proportionally larger at low basal areas and GLAI values.

Measured and modelled soil water data were less well correlated compared to GLAI
data. The cause of this decline in fit has not been established. Bothriochloa macra
tended to dry the soil profile slightly more than actual data during periods of maximum
SWD and display higher soil water content during winter/spring. In Austrodanthonia
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spp., consistent underestimation during periods of high soil water deficit is likely to
have increased catchment-scale recharge levels compared to what would be expected
from actual data. Evidence of a systematic pattern in Figure 7-13 suggests that further
investigation needs to occur into the cause of this discrepancy. Basal area only
indirectly affects SWD through GLAI and is therefore unlikely to be the source of the
problem. The characterisation of the soil profile may have been inadequate, particularly
with regards to hydraulic conductivity at the 90 to 110 cm soil layer (Chapter 2). Not
all soil data was measured at the field site with values derived from studies carried out
on nearby soils previously (Suwardji and Eberbach 1998) and from soil parameters
already in the model for the soil type.

7.4.1.1 Comparison with other models

Modelled soil water deficits were found to be in the range of other models. The SGS
model produced soil water deficits of 140 mm for a Bothriochloa macra and
Austrodanthonia spp. dominant pasture also on a Red Chromosol to a depth of 210 cm

(Lodge et al. 2003). There has been no published material on either of these species
using GrassGro, though use of the education version (Salmon et al. 2003) for the years
1993 to 2005 revealed average soil water deficits of 199 mm (assuming max PAW was
field capacity) for Bothriochloa macra when parameterised as closely to the Wagga
Wagga experimental site as possible. It should be noted here that GrassGro failed to
reduce green biomass in winter in at least half of the years simulated, suggesting its
failure to properly simulate winter dormancy in this species.

RMSE values for soil water (Table 7-6) in the NPM ranged from 14.3 to 34.9 mm
which was comparable to those reported in Littleboy et al. (1992) which ranged from 15
to 43 mm on a 150 cm deep soil profile. When constrained to a 1:1 ratio, r2 values were
also similar between the two studies. Paydar et al. (2005) reported r2 values of 0.84 for
soil moisture over a 3.1 m profile when simulating various crops in the Agricultural
Production Systems Simulator modelling framework (APSIM). This was very similar
to the r2 reported in the NPM for all data compared at 0.87 (Table 7-6). However,
relative root mean square residual (RRMSE) was reported for the entire soil profile to
be 0.21% (Paydar et al. 2005) compared to 26.23% in this study. Given the available
soil moisture in the former location was 505 mm, this very low RRMSE value would
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equate to an accuracy of approximately 1 mm. The method of RRMSE calculation was
not detailed by Paydar et al. (2005) and it is likely that a different calculation was used.

7.4.1.2 The suitability of statistical methods for the assessment of model quality

The applicability of point comparisons for determining model accuracy is questionable.
It is likely that the NPM produced a more favourable modelling outcome than the
statistics suggest – particularly for Austrodanthonia spp. soil water deficits in Figure
7-11. Limitations of the statistical techniques with respect to sample size and the range
of values measured have been previously outlined in Section 7.2.3.2. It is also possible
using the statistical methods outlined that a model which consistently underestimates
measured values yet follows the trend closely would be penalised more greatly than a
model which follows the trend less closely but estimates closer to measured values on
average (Figure 7-15a and b). In addition, the timing of point measurements can affect
the statistical outcome if the model accurately predicts less variable parts of the
measured curve at a greater frequency (Figure 7-15c).

(a) Least accurate

(b) More accurate

(c) Even more accurate

Figure 7-15 Theoretical examples of model accuracy based on statistical comparisons of measured
(dots) and modelled (lines) data.

It has been recognised that the mean prediction quality of the model is not always the
preferred criteria for model assessment (Wallach et al. 2006). However, a technique
that examines model prediction quality with respect to the measured dynamics has not
been forthcoming in the literature. The rate and direction of change of model output
may be a more suitable alternative to point comparisons as this will better determine if
the model and actual data are following the same trajectory through time and thus
producing the same patterns. This is especially important in dynamic measures such as
soil moisture where previous measured and modelled values affect subsequent values.
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7.4.1.3 Areas for further development

Though comparable to other models, there are still some areas noted for improvement.
At present, the growth limiting factor for soil moisture is dependent only on the
available soil moisture within the root zone. Future versions will include a weighting
for transpiration demand to prevent rapid reductions in green leaf during dry winters.
Currently, only a static basal area coefficient can be allocated to a pasture species. In
addition to finding a more suitable relationship between basal area and growth in
Austrodanthonia spp., future research will investigate ways to make this coefficient

dynamic so that changes in the abundance of a species can be modelled over time.

The experiment on which this model was developed was not grazed but harvested
monthly, and thus the simulation of grazing by livestock was not necessary for this
study. To be used for simulating realistic catchment land management, this feature will
need to be developed. Additional features such as nutrient cycling and pasture
digestibility may also require attention for this to be carried out successfully.

One of the major focuses for future model development will be to expand the number of
species that the model is able to simulate. This includes annual species (particularly
annual ryegrass and subterranean clover), introduced species (phalaris and lucerne) and
also other common native grass species such as Microlaena stipoides, Themeda
australis, Austrostipa spp. and Aristida ramosa. Parameter estimation methods can be

better utilized for this process by normalizing all parameters in PEST to be of equal
magnitude and the collection of a greater range of pasture variables over a longer period
of time. Expanding the number of species to include those previously simulated in
other models will further validate the model and improve its credibility. Clearly, further
validation over the course of these developments will be necessary as well as longer
validation periods at a range of locations to gain additional confidence in the model.

7.4.2 Application to the Bet Bet catchment

7.4.2.1 Implications of accuracy at the catchment scale

The lower correlation of soil water deficit (SWD) at the plot scale (Figures 7-11 and 712) is likely to have remained on application to the catchment. The more variable soil
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water content in Bothriochloa pasture has most likely been manifested as lower
recharge and greater lateral flow and run-off than the actual data would have produced.
In Austrodanthonia spp., the consistent underestimation of SWD is likely to have
increased catchment-scale recharge levels compared to what would be expected from
actual data. Thus, differences between the two perennial species as presented in the
NPM and applied in CAT are likely to be the maximum for what would be expected in
reality.

7.4.2.2 Water balance comparisons

Using the SGS pasture model, Lodge et al. (2003) found across three years of
measurement that evapotranspiration averaged 82.9% and 89.9% of total annual rainfall
for the continuously grazed and rotationally grazed treatments respectively. Similarly,
the Native Pasture Model based on Bothriochloa macra and Austrodanthonia spp.
comprised 88.0% and 85.6% evapotranspiration to total rainfall respectively. The
partitioning of the water balance with respect to evapotranspiration between the two
models is likely to be similar. Interestingly, Lodge et al. (2003) also reported increases
in Bothriochloa macra composition throughout the experimental period in the
rotationally grazed treatments (i.e. those showing the higher levels of
evapotranspiration) but composition changes could not be handled by the SGS model.

Water balance differences between the NPM and the SGS pasture model were evident
in the amount partitioned to run-off and particularly the greater amount partitioned to
lateral flow. Comparisons with White et al. (2003) indicate that a greater amount of
quick flow (run-off plus lateral flow) is partitioned to runoff in the SGS model. From
Lodge et al. (2003) it would appear that very little of this is partitioned to lateral flow.
This may be a climatic response as Lodge’s study was based in an environment of
greater summer rainfall. Other environmental factors such as total rainfall, topography
and soil type may also have contributed. The greater emphasis on hydrology in the
construction of CAT may have also have provided a better framework for the
partitioning of soil water as the SGS pasture model is primarily for estimating pasture
growth. Without comparing simulation outputs from the same location and climate, few
conclusions can be made in this respect.
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The NPM found that the native species produced considerably more run-off than the
generic pasture model in Table 7-7 and Bothriochloa macra more than Austrodanthonia
spp. The simplicity of the generic pasture model may reduce its ability to accurately
partition rainfall in topographically variable regions. The development of the generic
pasture model was based on a pasture composed of both annual and perennial species
that was said to be degraded (Ridley et al. 2003). Given the low perennial content of
this pasture and the high perennial content of those in the NPM, it is likely that the
generic pasture model was too efficient in its water use. The specified root depth of 120
cm for the generic pasture model was possibly too deep as any estimate of root depth
would need to be averaged across the pasture species present. Though annual ryegrass
was found to have a rooting depth of 110-120 cm in Chapter 6, it is unlikely that the
(less aggressive) annual species present in the generic pasture would also have these
rooting depths - particularly on less favourable soils than those found at the Density
experiment.

Dunin and Downes (1962) suggest that greater runoff could be a feature of native
pastures though it is possible that surface soil conditions and aspect may have
influenced their findings. In modelling the water balance of five Australian locations,
White et al. (2003, SGS model) found Bothriochloa macra to produce significantly
more runoff at four of the locations. The findings of White et al. (2003) are in
agreement with both the results in this experiment for Bothriochloa macra and the
assertions of Dunin et al. (2006) that summer active grasses produce more run-off. To
clarify the issue of partitioning to run-off, further field experimentation needs to take
place at greater measurement intensity to isolate water balance components though time.
The NPM will also prove useful in this process organising data and theories and running
possible scenarios.

7.4.2.3 Implications of model output

Assuming that Austrodanthonia spp. and Bothriochloa macra are reasonably ‘typical’
of other C3 and C4 grasses in terms of water use, modelled output agreed with the
proposition that C4 pastures will reduce recharge to a greater extent than C3 grasses
(Johnston 1996). The recharge levels produced by the tree scenario (Scenario 6) also
supports the findings that natural woody-based systems are the most effective for drying
the soil profile (Dunin 2002).
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Due to its saline nature, the Bet Bet catchment has been the focus of market-based
incentive (MBI) trials conducted by Connor et al. (2008). A relationship was derived
between revegetation (plantations and native) or perennial pastures (lucerne and
phalaris) and recharge credits; varying with annual rainfall, soil/geomorphology,
landscape position and planting density. It was estimated for the upper Bet Bet
catchment (9600 Ha) that the implementation of the recharge credit scheme would
generate an additional 257 Ha of revegetation and 115 Ha of perennial pasture. This
was estimated to have a net economic benefit of $29,000 assuming low opportunity
costs for reduced fresh water flows at $20/ML. Higher water values (e.g. $50/ML) are
likely to offset this benefit (Connor et al. 2008).

From the perspective of recharge control, it would appear that the greatly reduced
recharge and salinity levels generated by the tree model would be best for catchment
health. However, it is also important that the amount of fresh water run-off (or water
shedding) is maximised from high rainfall zones (Jolly et al. 2001; Stirzaker et al.
2002), to both dilute the concentration of dissolved salts in the rivers and to ensure the
supply of water downstream. The substantial impact of tree plantations in Scenario 6 on
fresh water yield would suggest that for economic reasons also, tree plantations would
be better used for targeted parts of the catchment.
The promotion of species producing similar water use patterns to Bothriochloa macra
(which reduce salt loads and increase run-off) may be a better option for extensive areas
if already present in the landscape. Though production benefits are likely to be minor in
comparison to phalaris, it is possible that the recharge impact could be similar. If runoff is increased with Bothriochloa macra, the estimated economic net benefit of this
pasture could be substantial. Using the calculations from Connor et al. (2008), the total
net benefit of Bothriochloa macra treatment would be $70,850 (assuming no benefit
from increased production) which is $42,000 greater than the net economic benefit
estimated for phalaris/lucerne where fresh water flows are reduced. Under such
recharge credit (MBI) schemes, the promotion of species producing similar water use
patterns to Bothriochloa macra may be an attractive option for extensive areas if low
populations of these species are already present in the landscape. The application of
CAT to a catchment is likely to provide insight into the appropriate placement of
vegetation types and inform economic analyses, provided it is supplied with quality data
to do so.
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Scenarios were developed based on the assumption that the perennial content of native
pastures can be manipulated via grazing or low cost management. It is not expected that
re-establishment would be practical or economical in these landscapes (Virgona et al.
2002). The NPM for both Austrodanthonia spp. and B. macra were developed to
simulate the high density treatments from Chapter 5.

Some features of the model were unrealistic on application to a catchment. The basal
areas selected for both native species in the NPM were very high (0.13 and 0.3 in
Austrodanthonia spp. and Bothriochloa macra respectively) compared to those present

in most native pastures producing maximum effects for that species. The simulation of
native pastures of “average” perennial content is therefore likely to be less or possibly
similar to lower density Austrodanthonia spp. treatments according to Chapter 6. The
accurate simulation of native pastures of lower perennial abundance is unlikely to be
realistic until appropriate annual species are parameterised and included in the NPM.

Though the native pastures in the NPM were found to produce a large proportion of runoff, it should be noted that these pastures were only harvested once per month. Grazing
is capable of producing a range of water balance outcomes depending on the method of
application. Thus management, particularly with respect to grazing, is likely to have a
large impact on the water balance regardless of species and should be considered and
appropriately modelled in catchment studies.

7.5

Conclusion

The Native Pasture Model has been shown capable of estimating differences in soil
water deficit and green leaf area index for native pastures of both summer and winter
dominant growth. Differences at the sub-model level were intensified at the catchment
scale with large differences in salt output, stream-flow and recharge between species.

The impact of planting density was examined at the sub-model level but not the
catchment model level. To do so is possible with simulations of Bothriochloa macra
though the identification of a better basal area to GLAI relationship plus further
experimentation of this relationship appears necessary for simulations of
Austrodanthonia spp.
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Low basal areas in native pastures of the high rainfall zone generally correlates to a
greater proportion of invading annuals and thus for useable results to be found for lower
basal area simulations of either species, it will be necessary to simulate annual grasses
in combination with native species in the Native Pasture Model. The simulation of
annual grasses will also allow for more basic comparisons to be made between recharge
levels of annual and perennial pastures.

The results in this chapter have shown the potential benefit of a highly summer
dominant (Bothriochloa macra) pasture on catchment hydrology with differences
between the two native species evident. The accuracy for which Bothriochloa macra
was modelled at the sub-model (NPM) scale would suggest that application at the
catchment scale is likely to be reasonable and supports the theory that run-off is
increased in summer-active native pastures. Further validation of the NPM needs to
occur on a range of soils and climates and investigation into species and biomass to runoff relationship is also necessary.

The incorporation of the NPM is believed to have already improved the predictive
capacity of the CAT model. The parameterisation of additional species, the simulation
of species combinations and better simulation of grazing activity, is expected to further
improve the accuracy and value of predictions using the NPM and CAT for determining
the impact of land use change on catchment hydrology.
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Chapter 8. General discussion
The objective of this study was to determine the impact of native pasture composition
on soil water dynamics in the south-east high rainfall zone of Australia. In particular
this project aimed to:
•

determine the influence of individual species and species type on the water use
of native pastures

•

identify key plant attributes associated with increased water use by native
perennial grasses

•

determine the influences of species abundance in water use of native pastures

•

explore the impact of native pasture composition at the broader scale

In general, it has been shown that pasture composition, in terms of the species present
and abundance, has a major impact on soil water dynamics.

8.1.

The influence of individual species and species type on water
use

This study showed that perennial pastures create greater soil water deficits than annual
species which concurred with the findings of Ridley et al. (1997), Carbon et al. (1982)
and Sandral et al. (2006). Greater water use by perennial species was clearly evident at
each of the sites in the Farm experiment (Chapter 4) and the Bothriochloa macra
treatments in the Density experiment (Chapter 5) when compared to annual ryegrass. In
contrast, for Austrodanthonia spp., water use did not differ from that of annual ryegrass
at the Density experiment, highlighting the variation in water use between native
perennial grasses.

Sandral et al. (2006) found that Austrodanthonia spp. could have a positive impact on
soil water use when planted at high density (80 plants m-2). In this study, the impact of
Austrodanthonia spp. on soil water was considerably less, particularly in comparison to
Bothriochloa macra which used 40 mm more water than Austrodanthonia spp. (Chapter
5). This study also supports the findings of Hughes et al. (2006) and the assertions of
both Dunin et al. (1999) and Johnston (1996) that C4 pastures are better for reducing
recharge than C3 pastures. However, only a small selection of species was examined in
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the above-mentioned studies and only one representative from each photosynthetic
group was studied in the Density experiment. Bothriochloa macra (C4) and
Austrodanthonia spp. (C3) differ in terms of root depth, distribution and root plasticity
(Chapter 6), response to moisture stress (Bolger et al. 2005), biomass and GLAI
production, phenological development, partitioning to reproductive structures, plant
size, habit and ability to expand in basal area (Chapter 5). It would be erroneous to
generalise that all grasses within the C3 and C4 photosynthetic groupings would grow
and exploit water reserves in the same manner as the grass species chosen in this study.
It is likely that summer activity per se is the key attribute for maximising water uptake
and not photosynthetic pathway. A greater selection of native grass species need to be
individually examined before any judgement can be made on the general water use
characteristics of C3 and C4 groups.

8.2.

Plant attributes associated with increased water use by native
perennial grasses

To maximise soil water use by pastures, perennial grasses that are able to maintain more
green leaf in summer and deeper root systems are required. The Farm experiment and
the Density experiment provided mixed results with regards to the importance of
individual plant characteristics for increasing water use. A perennial growth habit was
shown to be important in the Farm experiment but in the Density experiment, water use
between Austrodanthonia spp. and annual ryegrass were, on average, similar across
planting densities. Root depth and distribution were considered major factors affecting
water use in the Density experiment, but were restricted in the Farm experiment due to
soil limitations. Major differences in soil water content in the Farm experiment were
mainly due to differences in the seasonality of green leaf production. The timing of
green leaf production was also a factor in the Density experiment but only for water use
in the upper soil layers.

Clear patterns were evident in the Farm experiment between pasture characteristics and
water use, however, it was not possible to identify the individual plant characteristics
responsible for differences in soil water deficits. The C3, C3/C4 and C4 pastures were
examined as a composite of species all varying greatly in growth habit and physiology.
In addition, direct statistical comparisons were limited. Though the pastures were
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matched in terms of soil type, climate, aspect and livestock type, they differed in
location, soil depth and management. The Density experiment was designed to more
closely compare two of the most common species found within native pastures in the
HRZ for their water use. However, this comparison contained too few species to
determine the value of particular plant features for water use since several features
differed between the species.

The ability of a species to extract water from deeper sections of the soil profile is
indicative of total water use (Whitfield 1998; Ward et al. 2001). Soil water differences
also occurred deep in the soil profile in the Density experiment and in studies conducted
by Sandral et al. (2006) and Virgona and Southwell (2006). However, in the Farm
experiment (Chapter 4) soil water differences occurred throughout the soil profile.
Topographic and soil factors, particularly soil depth, had a major influence on the
findings from the Farm experiment. In the Density experiment and in the experiments
of Sandral et al.(2006) and Virgona and Southwell (2006), soils were deep (1.7 – 2 m)
compared to the soils where native pastures are now most commonly found in the high
rainfall zone (i.e. less arable, hilly areas; Chapter 1). For example, the maximum soil
depth at the C3/C4 field site (Chapter 4) was 75 cm, limiting the rooting depth of
Bothriochloa macra which can extend beyond 170 cm (Chapter 6 and Lodge and
Murphy 2006).

Austrodanthonia spp. is not as deeply rooted as Bothriochloa macra with a maximum
root depth of 120 cm (Chapter 6). Annual ryegrass was of equivalent root depth to
Austrodanthonia spp. and water uptake below this depth was limited for both species
(Chapter 5). On deeper soils, there is a clear advantage to retaining deeper rooted
species in swards for soil water uptake. Further studies need to be carried out to
determine if there is any value in promoting species with deeper root distributions in
regions of shallower soils. Some deeper rooted grasses may be able to exploit cracks in
the bedrock, thereby increasing water access (e.g. Sydes and Grime 1984).

It was concluded from the Density experiment that root depth and distribution were
important factors determining water use differences between species, although the root
characteristics measured did not significantly contribute to variation in water use
(regression analysis, Chapter 5) for a number of reasons. Firstly, water use did not
differ between planting densities in the Bothriochloa macra treatments reducing the
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range of comparisons. Secondly, proliferation of roots using the minirhizotron
technique (Chapter 6) for Bothriochloa macra meant that root measurements varied
widely and were most likely not a true reflection of ‘real’ root distributions of the
treatments. Finally, many plant characteristics differed between the perennial species
and very few Austrodanthonia spp. roots were found in the deeper soil layers. Thus,
greater variation could be captured through species interactions with climate factors
than through root parameters. A greater number of plants need to be examined across a
wider range of conditions and more robust root data needs to be collected in order to
fully explain the variation in water use.

Green leaf area index (GLAI) is a key parameter influencing plant water use, and is
important both for experimentation (e.g. Chapters 4 and 5) and modelling (Chapter 7).
Though simple in concept, GLAI was a difficult variable to measure in this study.
Attempts to find a remote alternative to destructive sampling proved unsuccessful
(Chapter 3), though other more sophisticated methods being trialled (e.g. Pontailler et
al. 2003) hold promise for the future. Until an affordable, practical and accurate
method of measuring GLAI becomes available, scientists will be deterred from its direct
measurement.

Whilst the importance of measuring GLAI is clear for research and modelling purposes,
its measurement may not be as important for predicting soil water use for management.
The all-subsets regression of data generated by the Density experiment (Table 5-18)
revealed that GLAI was only useful in describing changes in soil water content in the
upper soil profile (0 - 67.5 cm). Biomass was a slightly better predictor of water use in
the mid to lower section of the soil profile (possibly due to its closer relationship with
root mass) and no above-ground measurements were useful in describing deep soil
water use. All species (both annual and perennial) were capable of drying the soil in the
upper soil layers of the Density experiment. Thus, the soil layer where GLAI was most
useful in describing water use was not of great importance for determining SWDMAX.
Provided ‘sufficient’ GLAI has been maintained and species of known deep rooting
habit are present at sufficient abundance, managers may be able to acceptably predict
soil water use relative to pasture communities of differing pasture composition without
the measurement of GLAI.
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8.3.

The influence of species abundance on water use

Species abundance influences soil water use within species specific limits, as discussed
in Chapter 1 for the study by Virgona (2003). This concept has been illustrated in
Figure 8-1 below.
I

II

III

Soil water
deficit

Abundance
Figure 8-1 A theoretical illustration of the relationship between species abundance and soil water
deficit

Bothriochloa macra treatments in the Density experiment (Chapter 5) were in the 3rd
stage of the curve (Figure 8-1, phase III) where abundance levels did not affect the
maximum soil water deficit (SWDMAX) achieved. Planting density in Austrodanthonia
spp. affected the rate of soil drying in the 0 - 67.5 cm soil layer as was also found by
Murphy (2002). However in the second season, planting density also impacted on
SWDMAX (Figure 5-3) placing Austrodanthonia spp. in phase II (Figure 8-1). When
comparing Sandral et al. (2006) to this study, 80 plants m-2 created a similar SWDMAX
to 25 plants m-2 possibly suggesting that the plateau point for Austrodanthonia spp. is
closer to 25 plants m-2.

Had an earlier break to the season occurred during the Density experiment, greater
differences in soil water content in Austrodanthonia spp. may have resulted due to the
lower density treatments having insufficient time to utilise available soil water. This
proposition has implications for management in terms of target abundance levels. The
project was conducted under low rainfall conditions and differences in SWDMAX are
likely to be more pronounced in years of above average annual rainfall.
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The ability of some species to increase basal area under favourable conditions (e.g.
Bothriochloa macra in Chapter 5) shows that plant density is an inadequate predictor of
abundance and soil water use in pastures. Biomass and species were the management
variables most strongly associated with soil water use (Table 5-18). Whilst it is
relatively easy to identify species, biomass varies seasonally and with management.
Basal area is less dynamic and thus the basal area of key species may be a better
indicator of potential soil water use for instantaneous assessments.

Monocultures were examined in the Density experiment and a relationship between
abundance and SWDMAX was apparent. In the Farm experiment, landscape and
management factors and the presence of other species influenced outcomes. For
example, the abundance of Bothriochloa macra in the C3/C4 pasture (basal area = 0.09
m2 m-2) may have been insufficient to influence SWDMAX considering the deficit
achieved by the C4 pasture, however, the C3/C4 native pasture was likely influenced by
shallow soils. Abundance thresholds are likely to shift with location, season, the
combination of species within the pasture, and with the rate of recharge considered
acceptable. Despite this, the determination of abundance thresholds or ‘rules of thumb’
for common native pasture compositions has value as it gives managers a target or
direction to aim for.
It would be impractical to manage for increased perennial grass abundance in pastures
of the abundance levels found in the Farm experiment (Chapter 4) though it is still yet to
be determined what abundance levels would warrant increased management of the
perennial population. A greater range of pastures of lower abundance levels must be
examined to assist in understanding what constitutes a “functionally active” native
perennial pasture with respect to hydrology. The complexity of landscape,
management, season and plant interactions means that it is likely that this task would be
better handled by modelling, although field experimentation would still play a key role
in the validation of model outcomes.
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8.4.

The impact of pasture composition at the broader scale

The most unique feature of the Native Pasture Model (NPM) compared to other
temperate pasture models was the incorporation of species abundance through a basal
area coefficient. The incorporation of abundance was more successful for Bothriochloa
macra than Austrodanthonia spp. though further refinement is required since the basal
area coefficient is currently a static parameter. The incorporation of abundance is
important for long-term simulations as the model will better capture changes in
botanical composition with management over time, potentially improving the accuracy
of soil water predictions. Further refinement of the NPM will also enable perennial
abundance to be examined at a range of levels across various landscapes and climates.

The replacement of an Austrodanthonia spp. pasture with a Bothriochloa macra pasture
was estimated by the NPM within the Catchment Analysis Tool (CAT) to reduce
recharge by approximately 13 mm. In addition, salt exported of the Bet Bet catchment
was reduced by 6305 tonnes annually. Assuming these estimates are within the scope of
what could be expected from such a botanical change, this level of hydrologic
improvement is likely to warrant changes in management. In this way, the NPM can be
used as a tool for making catchment planning decisions. Further, the capabilities of
CAT are such that the exploration of more targeted vegetation options in relation to the
landscape is possible. For example, the benefits of revegetation on certain soil types or
land classes in combination with native pastures can be examined using CAT. Though
modelling is a useful means for estimating the impact of vegetation systems on
catchment hydrology, it is not a substitute for comparative studies on the ground.
However, these methods can be complementary if conducted in such a manner that one
validates or expands the output of the other.

Testing the validity of recharge and salt output estimates at the catchment scale is a
difficult task and simulation of the current pasture composition is necessary for any
validation of the NPM at this scale. Currently the NPM has only been used for
simulating monocultures which is not a true reflection of native pastures where
botanical composition varies seasonally, spatially and with management. The NPM has
the ability to simulate mixed communities though a greater number of species must first
be parameterised in order to do so. Basic information on the growth habits, physiology
and ecology of native grass species thus needs to be gathered. The growth habits and
consequently water use of native grasses have been presumed based on the analysis of
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only a few species in the past yet, it has been shown here that considerable variation
exists amongst them. Information with respect to specific leaf area, rooting
characteristics, competitive abilities, phenology and growth under various temperature
and soil water regimes is needed for modelling but its collection would also improve
native pasture management on the ground.

The C4 grass scenario in the NPM produced considerably more run-off than other
models supporting the proposition of Dunin and Passioura (2006) that C4 grasses are
associated with a greater partitioning of rainfall to run-off. Further investigation needs
to occur to determine if this theory matches the processes that occur within the model,
and, if so, whether this matches results obtained from the field. There is still a need for
this to be examined as the Farm experiment, where testing of this theory would have
been most appropriate, was insufficiently equipped to capture detail on water balance
partitioning.

8.5.

Further research

As previously mentioned, the discovery of a rapid yet accurate method for measuring
GLAI still needs to occur. A disproportionate amount of time was spent collecting this
data and a remote, rapid method would have enabled a greater number of measurements
to be taken.

The biggest challenge within this project was finding a statistically robust method for
comparing the water use of pasture communities and defining the role of individual
species within those communities. Though the methods used went some way to
addressing these challenges, better methods need to be found. One potential method
may involve eliminating different species from a mixed sward and monitoring the
impact on water use and botanical composition. This method would create artificial
communities and, in part, manufactured water balances which could cause some
problems in result interpretation. Advancements in spatial statistics and the monitoring
of water use patterns prior to the start of the experiment may now be sufficient to make
sense of such comparisons. A similar study could be carried out for determining the
impact of plant abundance on water use for particular locations.
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In order to reduce recharge, native pastures must contain perennial species, with
adequate root systems and be able to maintain sufficient GLAI into summer to increase
water use. However for useful species to be targeted for management, they must also
meet the basic production requirements of the enterprise and be responsive to
management and location. Previous studies have shown that C4 grasses are generally of
lower production value to C3 species such as Austrodanthonia spp. (Archer and
Robinson 1988). There is a need to evaluate at least quantitatively, the potential
production losses and environmental gains associated with such management changes
across the landscape. In most native pastures, the environmental and production gains
associated with increased perennial content (regardless of type) are likely to be
complementary given the anticipated low perennial content in these pastures at present.

For any of the findings in this study to be useful, there must be a way of achieving
greater native grass content in pastures. Though it has been examined at length (see
Chapter 1), management methods for the targeted adjustment of botanical composition
need to be better defined. A better understanding of the growth habits of native grass
species and their competitors is necessary along with greater understanding of the
interaction between season, phenological development and management as partly
demonstrated by Lodge and Whalley (1985).

8.6.

Concluding remarks

Given the large variability evident between pasture communities in this study (Chapter
4) in terms of sward and soil water characteristics, it is clear that native pastures have
been considered too generically in the past. Individually, broad differences were found
between native grasses in this study and it is likely that species will vary extensively in
terms of their growth habit, physiology and hydrology, given the broad differences
found between the species in this study (Chapter 5). It can therefore be concluded that
the term ‘native pastures’ is purely a cultural term and is not scientifically useful in a
botanical or hydrological sense. The classification of native pastures with respect to
hydrology is necessary to direct management activities for the improvement of
catchment hydrology. Yet, for this classification to be of any use there must be
differentiation according to the abundance of key species within the pasture.

Chapter 9 General Discussion

240

Reference List
Andrew MH, Lodge GM (2003) The Sustainable Grazing Systems national experiment
1. Introduction and methods. Australian Journal of Experimental Agriculture 43, 695709.
Andrew MH, Lodge GM, Mason WK, Price RJ (2003) The Sustainable Grazing
Systems national experiment. 2. Scientific outcomes and effectiveness of the research
and development processes. Australian Journal of Experimental Agriculture 43, 9931013.
Archer KA, Robinson GG (1988) Agronomic potential of native grass species on the
northern tablelands of New South Wales 2. Nutritive value. Australian Journal of
Agricultural Research 39, 425-436.
Asseng S, Fillery IRP, Anderson GC, Dolling PJ, Dunin FX, Keating BA (1998) Use of
APSIM wheat model to predict yield, drainage and NO3- leaching for a deep sand.
Australian Journal of Agricultural Research 49, 363-377.
Auslig 1990 Vegetation. 'Australian Surveying and Land Information Group.' Canberra,
Australia.
Badgery WB, Kemp DR, Michalk DL, King WM (2005) Competition for nitrogen
between Australian native grasses and the introduced weed Nassella trichotoma. Annals
of Botany 96, 799-809.
Beadle NCW (1966) Soil phosphate and its role in molding segments of the Australian
flora and vegetation, with special reference to xeromorphy and sclerophylly. Ecology
47, 992-1007.
Begg JE (1959) Annual pattern of soil moisture stress under sown and native pastures.
Australian Journal of Agricultural Research 10, 518-529.
Belesky DP, Feldhake CM, Boyer DG (2002) Forages and pasture management:
Herbage productivity and botanical composition of hill pasture as a function of clipping
and site features. Agronomy Journal 94, 351-358.
Bell DT (1981) Spatial and size-class patterns in a central Australian spinifex grassland.
Australian Journal of Botany 29, 321-327.
Bennett L, Judd TS, Adams MA (2000) Close-range vertical photography for measuring
cover changes in perennial grasslands. Journal of Range Management 53, 634-641.
Benson JS (1991) The effect of 200 years of European settlement on the vegetation and
flora of New South Wales. Cunninghamia 2, 343-501.
Beverley C (2007) 'Technical manual. Models of the Catchment Analysis Tool
(CAT1D Version 22).' Department of Sustainability and Environment, Victoria.

References

241

Beverly C, Bari M, Christy B, Hocking M, Smettem K (2004) Understanding catchment
dynamics from land use change; comparison between a rapid assessment approach and a
detailed modelling framework. In 'Salinity Solutions. Working with science and society
conference'. Bendigo
Beverly C, Bari M, Christy B, Hocking M, Smettem K (2005) Predicted salinity impacts
from land use change: comparison between rapid assessment approaches and a detailed
modelling framework. Australian Journal of Experimental Agriculture 45, 1453-1469.
Bird PR, Jackson TT, Kearney G, Saul GR, Waller RA, Whipp G (2004) The effect of
improved pasture and grazing management on soil water storage on a basaltic site in
south-west Victoria. Australian Journal of Experimental Agriculture 44, 559-569.
Blake GR, Hartge KH (1986) Bulk Density. In 'Methods of soil analysis, Part 1.
Physical and Mineralogical Methods'. (Ed. A Klute) pp. 363-382. (American Society of
Agronomy Inc, Soil Science Society of America Inc.: Wisconsin, USA)
Böhm W (1979) 'Methods of studying root systems.' (Springer-Verlag: New York)
Bolger TP, Rivelli AR, Garden DL (2005) Drought resistance of native and introduced
perennial grasses of south-eastern Australia. Australian Journal of Agricultural
Research 56, 1261-1267.
Bolger TP, Rivelli AR, Garden DL (2005) Drought resistance of native and introduced
perennial grasses of south-eastern Australia. Australian Journal of Agricultural
Research 56, 1261-1267.
Bolger TP, Turner NC (1999) Water use efficiency and water use of Mediterranean
annual pastures in southern Australia. Australian Journal of Agricultural Research 50,
1035-1046.
Bragg PL, Govi G, Cannell RQ (1983) A comparison of methods, including angled and
vertical minirhizotrons, for studying growth and distribution in a spring oat crop. Plant
& Soil 73, 435-440.
Briggs LJ, Shantz HL (1912) The wilting coefficient and its indirect determination.
Botanical Gazette 53, 20-37.
Briggs JN, Shantz HL (1914) Relative water requirement of plants. Journal of
Agricultural Research 3, 1-63.
Caldwell MM (1983) A fibre-optic point quadrat system for improved accuracy in
vegetation sampling. Oecologia 59, 417-418.
Caldwell MM, Dawson TE, Richards JH (1998) Hydraulic lift: consequences of water
efflux from the roots of plants. Oecologia 113, 151-161.
Canadell J, Jackson RB, Ehleringer JR, Mooney HA, Sala OE, Schulze ED (1996)
Maximum rooting depth of vegetation types at the global scale. Oecologia 108, 583595.

References

242

Carbon BA, Roberts FJ, Farrington P, Beresford JD (1982) Deep drainage and water
use of forests and pastures grown on deep sands in a Mediterranean environment.
Journal of Hydrology 55, 53-64.
Cary J, Webb T, Barr N (2002) 'Understanding landholders' capacity to change to
sustainable practices; Insights about practice, adoption and social capacity for change.'
(Bureau of Rural Sciences: Canberra)
Casper BB, Jackson RB (1997) Plant competition underground. Annual Reviews of
Ecology and Systematics 28, 545-570.
Cassel DK, Nielsen DR (1986) Field capacity and available water capacity. In 'Methods
of soil analysis, Part 1. Physical and Mineralogical Methods'. (Ed. A Klute). (American
Society of Agronomy Inc, Soil Science Society of America Inc.: Wisconsin, USA)
Chaieb M, Henchi B, Bourkhis M (1996) Impact of clipping on root systems of 3 grass
species in Tunisia. Journal of Range Management 49, 336-339.
Chapman DF, McGaskill MR, Quigley PE, Thompson AN, Graham JF, D. Borg, Lamb
J, Kearney G, Saul GR, Clark SG (2003) Effects of grazing method and fertiliser inputs
on the productivity and sustainability of phalaris-based pastures in Western Victoria.
Australian Journal of Experimental Agriculture 43, 785-798.
Chen KY, Heenan DP (1993) Surface hydraulic properties of a red earth under
continusou cropping with different management practices. Australian Journal of Soil
Research 31, 13-24.
Christensen PE, Burrows ND (1986) Fire: An old tool with a new use. In 'Ecology of
biological Invasions: An Australian perspective'. (Eds RH Groves and JJ Burdon) pp.
97-105. (Australian Academy of Science: Canberra)
Christie EK (1978) Herbage condition assessment of an infertile semi arid grassland
based on site production potential. Australian Rangeland Journal 1, 87-94.
Clarke CJ, George RJ, Bell RW, Hatton TJ (2002) Dryland salinity in south-western
Australia: its origins, remedies, and future directions. Australian Journal of Soil
Research 40, 93-113.
Clark SG, Austen EA, Prance T, Ball PD (2003) Climate variability effects on
simulated pasture and animal production in the perennial pasture zone of south-eastern
Australia. 1. Between year variability in pasture and animal production. Australian
Journal of Experimental Agriculture 43, 1211-1219.
Clark SG, Donnelly JR, Moore AD (2000) The GrassGro decision support tool: its
effectiveness in simulating pasture and animal production and value in determining
research priorities. Australian Journal of Experimental Agriculture 40, 247-256.
Clifton C, Schroder P (1996) The potential of upgraded perennial pastures to reduce
groundwater recharge in southern Victoria. In 'Proceedings of the 8th Australian
Agronomy Conference'. Toowoomba

References

243

Cole IA, Johnston WH (2006) Seed production of Australian native grass cultivars: an
over view of current information and future research needs. Australian Journal of
Experimental Agriculture 46, 361-373.
Connor JD, Ward J, Clifton C, Proctor W, Hatton MacDonald D (2008) Designing,
testing and implementing a trial dryland salinity credit trade scheme. Ecological
Economics 67, 574-588.
Cook JW, Brady WW, Aldon EF (1994) The effect of grass plant size on basal
frequency estimates. Grass & Forage Science 49, 414-421.
Cook SJ, Lazenby A, Blair GJ (1976) Comparative responses of Lolium perenne and
Bothriochloa macra to temperature, moisture, fertility and defoliation. Australian
Journal of Agricultural Research 27, 769-778.
Coram J (1998) 'National classification of catchments for land and river salinity
control.' Rural Industries Research and Development Corporation, Publication No.
98/78, Project No. AGS-1A.
Costin AB (1980) Runoff and soil and nutrient losses from an improved pasture at
Ginnindera, Southern Tablelands, New South Wales. Australian Journal of Agricultural
Research 31, 533-546.
Cransberg L, McFarlane DJ (1994) Can perennial pastures provide the basis for a
sustainable farming system in southern Australia? New Zealand Journal of Agricultural
Research 37, 287-294.
Crawford MC, MacFarlane MR (1995) Lucerne reduces soil moisture and increases
livestock production in an area of high groundwater recharge potential. Australian
Journal of Experimental Agriculture 35, 171-180.
CRC Catchment Hydrology (2005) General approaches to modelling and practical
issues of model choice. In 'Series on Model Choice: designed to assist you to better
understand catchment modelling and model selection'. (Cooperative Research Centre
for Catchment Hydrology)
Cresswell HP, Bond WJ, Simpson RJ, Clark SG, Moore AD, Alcock DJ, Donnelly JR,
Freer M, Keating BA, Huth NI, Snow VO (2002) Soil water balance of three temperate
pasture systems in southern Australia. In 'Soil physical measurement and interpretation
for land evaluation'. (Eds NJ McKenzie, J Coughlan and HP Creswell) pp. 332-343.
(CSIRO Publishing: Collingwood, VIC)
Cresswell HP, Hamilton GJ (2002) Bulk density and pore space relations. In 'Soil
physical measurement and interpretation for land evaluation'. (Eds NJ McKenzie, J
Coughlan and HP Creswell) pp. 35-58. (CSIRO Publishing: Collingwood, VIC)
Cresswell HP, Kirkegaard JA (1995) Subsoil amelioration by plant roots - the process
and the evidence. Australian Journal of Soil Research 33, 221-239.
Crosthwaite J, Malcolm B (1999) 'An economic analysis of native pasture in the hills
and tablelands of south-eastern Australia.' Institute of Food and Land Resources, The
University of Melbourne, Parkville, Victoria.
References

244

Crosthwaite J, Malcolm B (2001) Farm scale economics of native grasses. In
'Proceedings of the Second National Conference of the Native Grasses Association '.
Dookie pp. 13-23. (STIPA Native Grass Association, Gulgong)
Cullis B, Gilmour A, Frensham A, Verbyla A (1998) 'Spatial analysis of field
experiments - workshop notes.' Wagga Wagga, NSW.
Culvenor RA (1994) The persistence of five cultivars of phalaris after cutting during
reproductive development during spring. Australian Journal of Agricultural Research
45, 945-962.
Cunningham GM, Mulham WE, Milthorpe PL, Leigh JH (1992) (Eds) 'Plants of
western New South Wales.' (Inkata Press: Melbourne)
Daughtry CST, Hollinger SE (1984) Costs of measuring leaf area index in corn.
Agronomy Journal 76, 836-841.
Davidson I (2006) Harnessing nature to improve sustainability. Ecological Management
and Restoration 7, 167-168.
Day KA, McKeon GM, Carter JO (1997) 'Evaluating the risks of pasture and land
degradation in native pasture in Queensland. Final Report for Rural Industries and
Research Development Corporation project DAQ124A.'
Day W (2001) Modelling crop physiology for integrated decision making. Annals of
Applied Biology 138, 215-219.
Dear BS, Virgona JM, Sandral GA, Swan AD, Orchard BA (2007) Lucerne, phalaris,
and wallaby grass in short-term pasture phases in two eastern Australian wheatbelt
environments. 1. Importance of initial perennial density on their persistence and
recruitment, and on the presence of weeds. Australian Journal of Agricultural Research
58, 113-121.
Dellow JJ, Wilson GC, King WM, Auld BA (2002) Occurrence of weeds in the
perennial pasture zone of New South Wales. Plant Protection Quarterly 17, 12-16.
Denison RF, Russotti R (1997) Field estimates of green leaf area index using laserinduced chlorophyll fluorescence. Field Crops Research 52, 143-149.
Department of Primary Industries Victoria (2007) 'Application of the 2CSalt model to
the Bet Bet, Wild Duck, Guardiner and Sugarloaf catchments of Victoria.' (Rutherglen,
Victoria)
Doherty J (1994) PEST: a unique computer program for modelling independent
parameter optimisation. In 'Water Down Under 94'. Adelaide pp. 551-554. (The
Institution of Engineers, Australia: Barton, ACT)
Dolling PJ (2001) Water use and drainage under phalaris, annual pasture and crops on a
duplex soil in Western Australia. Australian Journal of Agricultural Research 52, 305316.

References

245

Donald CM (1970a) (Ed.) 'The pastures of southern Australia.' The Australian
Environment (CSIRO and Melbourne University Press: Melbourne)
Donald CM (1970b) Temperate pasture species. In 'Australian Grasslands'. (Ed. RM
Moore) pp. 302-320. (Australian National University Press: Canberra)
Donnelly JR, Freer M, Salmon L, Moore AD (2002) Evolution of the GRAZPLAN
decision support tools and adoption by the grazing industry in temperate Australia.
Agricultural Systems 74, 115-139.
Doorenbos J, Pruitt WO (1977) 'FAO Irrigation and Drainage Paper 24. Guidelines for
predicting crop water requirements.' Food and Agriculture Organisation of the United
Nations, Rome.
Dowling PM, Michalk DL, Kemp DR, Millar GD, Priest SM, King WM, Packer IJ,
Holst PJ, Tarleton JA (2006) Sustainable grazing systems for the Central Tablelands of
New South Wales. 2. Effect of pasture type and grazing management on pasture
productivity and composition. Australian Journal of Experimental Agriculture 46, 457469.
Dunbabin VM, Diggle AJ, Rengel Z (2002) Simulation of field data by a basic threedimensional model of interactive root growth. Plant & Soil 239, 39-54.
Dunin FX (1970) Changes in water balance components with pasture management in
south eastern Australia - a brief review. Journal of Hydrology 10, 90-102.
Dunin FX (2002) Integrating agroforestry and perennial pastures to mitigate water
logging and secondary salinity. Agricultural Water Management 53, 259-270.
Dunin FX, Downs RG (1962) The effect of subterranean clover and Wimmera ryegrass
in controlling surface run-off from four-acre catchments near Bacchus Marsh, Victoria.
Australian Journal of Experimental Agriculture and Animal Husbandry 2, 148-152.
Dunin FX, Passioura JB (2006) Prologue: Amending agricultural water use to maintain
production while affording environmental protection through control of outflow.
Australian Journal of Agricultural Research 57, 251-255.
Dunin FX, Reyenga W (1978) Evaporation from a Themeda grassland. 1. Controls
imposed on the process in a sub-humid environment. Journal of Applied Ecology 15,
317-325.
Dunin FX, Smith CJ, Denmead OT (2006) Hydrological change reaping prosperity and
pain in Australia. Hydrology and Earth System Sciences 10.
Dunin FX, Williams J, Verburg K, Keating BA (1999) Can agricultural management
emulate natural ecosystems in recharge control in south eastern Australia? Agroforestry
Systems 45, 343-364.
Dyson PR (1992) Initiatives in land use - soil salinity. In 'Proceedings 6th Australian
Society of Agronomy Conference'. Armidale pp. pp 84-89

References

246

Eastham J, Rose CW (1990) Tree/Pasture interactions at a range of tree densities in an
agroforestry experiment. I. Rooting patterns. Australian Journal of Agricultural
Research 41, 683-695.
Eastham J, Rose CW, Cameron DM, Rance SJ, Talsma T, Charles-Edwards DA (1990)
Tree/pasture interactions at a range of tree densities in an agroforestry experiment. II.
Water uptake in relation to rooting patterns. Australian Journal of Agricultural
Research 41, 687-670.
Eberbach P, Pala M (2005) Crop row spacing and its influence on partitioning of
evapotranspiration by winter-grown wheat in Northern Syria. Plant and Soil 268, 195208.
Eberbach PL, Burrows GE (2006) The transpiration response by four topographically
distributed Eucalyptus species, to rainfall occurring during drought in south eastern
Australia. Physiologia Plantarum 127, 483-493.
Eissenstat DM, Yanai RD (1997) The ecology of root lifespan. Advances in Ecological
Research 27, 1-60.
Eissenstat DM, Yanai RD (2002) Root life span, efficiency, and turnover. In 'Plant
roots: the hidden half'. (Eds Y Waisel, A Eshel and U Kafkafi) pp. 221 - 238. (Marcel
Dekker, Inc.: New York)
Firbank LG, Watkinson AR (1990) On the effects of competition: from monocultures to
mixtures. In 'Perspectives on plant competition'. (Eds JB Grace and D Tilman) pp. 165192. (Academic Press San Diego)
Fynn RWS, O'Connor TG (2000) Effect of stocking rate and rainfall on rangeland
dynamics and cattle performance in a semi-arid savanna, South Africa. Journal of
Applied Ecology 37, 491-507.
Gale MR, Grigal DF (1987) Vertical root distribution of northern tree species in relation
to successional status. Canadian Journal of Forest Research 17, 829-834.
Ganguli AC, Vermaeire LT, Mitchell RB, Wallace MC (2000) Comparison of four
nondestructive techniques for estimating standing crop in shortgrass plains. Agronomy
Journal 92, 1211-1215.
García-Guzmán G, Burdon JJ, Ash JE, Cunningham RB (1996) Regional and local
patterns in the spatial distribution of the flowering-infecting smut fungus Sporisorium
amphilophis in natural populations of its host Bothriochloa macra. New Phytologist 132,
459-469.
Garden DL, Bolger TP (2001) Interaction of competition and management in regulating
composition and sustainability of native pasture. In 'Competition and succession in
pastures'. (Eds PG Tow and A Lazenby) pp. 211-232. (CAB International Publishing:
New York)

References

247

Garden DL, Dowling PM, Eddy DA, Nicol HI (2000a) A survey of farms on the
Central, Southern and Monaro Tablelands of New South Wales: management practices,
farmer knowledge of native grasses and the extent of native grass areas. Australian
Journal of Experimental Agriculture 40, 1081-1088.
Garden DL, Jones C, Friend DA, Mitchell ML, Fairbrother P (1996) Regional research
on native grasses and native grass-based pastures. New Zealand Journal of Agricultural
Research 39, 471-485.
Garden DL, Lodge GM, Friend DA, Dowling PM, Orchard BA (2000b) Effects of
grazing management on botanical composition of native grass-based pastures in
temperate south-east Australia. Australian Journal of Experimental Agriculture. 40,
225-245.
Gardner WR (1983) Soil properties and efficient water use. In 'Limitations to Efficient
Water Use in Crop Production'. (Eds TH M., WR Jordan and TR Sinclair) pp. 44-64.
(American Society of Agronomy: Madicon, Wisconsin)
Gardner WR (1991) Modelling water uptake by roots. Irrigation Science 12, 109-114.
Gauch HG, Jr., Hwang JTG, Fick GW (2004) Letters to the editor: Comments on
another way of partitioning mean squared deviation proposed by Gauch et al. (2003)Reply. Agronomy Journal 96, 1206-1208.
Ghannoum O, von Caemmerer S, Conroy JP (2001) Carbon and water economy of
Australian NAD-ME and NADP-ME C4 grasses. Australian Journal of Plant
Physiology 28, 213-223.
Gower ST, Norman JM (1991) Rapid estimation of leaf area index in conifer and broadleaf plantations. Ecology 72, 1896-1900.
Grant SA (1971) The measurement of primary production and utilization on heather
moors. Journal of the British Grassland Society 26, 51-58.
Grant SA, Baker RD, Grant SA, Laidlaw AS (1993) Resource description: vegetation
and sward components. In 'Sward Measurement Handbook'. (Ed. A Ed Davies). (British
Grassland Society: Reading)
Greacen EL (1981) (Ed.) 'Soil water assessment by the neutron method.' (CSIRO
Australia: Melbourne)
Greacen EL, Correll RL, Cunningham RB, Johns GG, Nicolls KD (1981) Calibration.
In 'Soil water assessment by the neutron method'. (Ed. EL Greacen) pp. 51-77. (CSIRO
Australia: Melbourne)
Greenwood EAN (1986) Water use by trees and shrubs for lowering saline
groundwater. Reclamation and Revegetation Research 5, 423-434.
Greenwood KL, Hutchinson KJ (1998) Root characteristics of temperate pasture in New
South Wales after grazing at three stocking rates for 30 years. Grass & Forage Science
53, 120-128.

References

248

Gregory PJ, McGowan M, Biscoe PV (1978) Water relations of winter wheat 2. Soil
water relations. Journal of Agricultural Science 91, 103-116.
Groves RH, Whalley RDB (2002) Grass and grassland ecology in Australia. In 'Flora of
Australia. Poaceae 1. Introduction and Atlas'. (Eds K Mallett and AE Orchard). (CSIRO
Publishing: Melbourne)
Hansson AC, Andren O (1987) Root dynamics in barley, lucerne and meadow fescue
investigated with a minrhizotron technique. Plant and Soil 103, 33-38.
Harmoney KR, Moore KJ, George JR, Brummer EC, Russell JR (1997) Determination
of pasture biomass using four indirect methods. Agronomy Journal 89, 665-672.
Harradine AR, Whalley RDB (1981) A comparison of the root growth, root morphology
and root response to defoliation of Aristida ramosa R.Br. and Danthonia linkii Kunth.
Australian Journal of Agricultural Research 32, 565-574.
Hatton TJ, Nulsen RA (1999) Towards achieving functional ecosystem mimicry with
respect to water cycling in southern Australian agriculture. Agroforestry Systems 45,
203-214.
Hatton TJ, West NE, Johnson PS (1986) Relationships of the error associated with
ocular estimation and actual total cover. Journal of Range Management 39, 91-2.
Haydock KP, Shaw NH (1975) The comparative yield method for estimating dry matter
yield of pasture. Australian Journal of Experimental Agriculture and Animal Husbandry
15, 663-667.
Heng LK, White RE, Helyar KR, Fisher R, Chen D (2001) Seasonal differences in the
soil water balance under perennial and annual pastures on an acid Sodosol in
southeastern Australia. European Journal of Soil Science 52, 227-236.
Hicks SK, Lascano RJ (1995) Estimation of Leaf Area Index for cotton using the Li-cor
LAI 2000 plant canopy analyser. Agronomy Journal 87, 458-464.
Hill JO, Simpson RJ, Moore AD, Graham P, Chapman DF (2004) Impact of phosphorus
application and sheep grazing on the botanical composition of sown pasture and
naturalised, native pasture. Australian Journal of Agricultural Research 55, 1213-1225.
Hill MJ, Vickery PJ, Furnival EP, Donald GE (1999) Pasture Land Cover in Eastern
Australia from NOAA-AVHRR NDVI and Classified Landsat TM. Remote Sensing of
Environment 67, 32-50.
Hodgkinson KC, Baas Becking HG (1977) Effect of defoliation on root growth of some
arid zone perennial plants. Australian Journal of Agricultural Research 29, 31-42.
Holmes TH, Rice KJ (1996) Patterns of growth and soil-water utilization in some exotic
annuals and native perennial bunchgrasses of California. Annals of Botany 78, 233-243.
Huber-sannwald E, Pyke DA, Caldwell MM (1996) Morphological plasticity following
species-specific recognition and competition in two perennial grasses. American
Journal of Botany 83, 919-931.
References

249

Hughes JD, Packer IJ, Michalk DL, Dowling PM, King WM, Brisbane S, Millar GD,
Priest SM, Kemp DR, Koen TB (2006) Sustainable grazing systems for the Central
Tablelands of New South Wales. 4. Soil water dynamics and runoff events for
differently-managed pasture types. Australian Journal of Experimental Agriculture 46,
483-494.
Hunter RF, Grant SA (1961) The estimation of 'green dry matter' in a herbage sample
by methanol-soluble pigments. Journal of the British Grassland Society 16, 43-45.
Isbell RF (1996) 'The Australian Soil Classification.' (CSIRO: Australia)
Jackson RB, Canadell J, Ehleringer JR, Mooney HA, Sala OE, Schulze ED (1996) A
global analysis of root distributions for terrestrial biomes. Oecologia 108, 389-411.
Jeffrey SJ, Carter JO, Moodie KM, Beswick AR (2001) Using spatial interpolation to
construct a comprehensive archive of Australian data. Environmental Modelling and
Software 16, 309-330.
Johnson IR (2005) 4. Pasture growth. In 'IMJ model documentation'. (IMJ Consultants
Pty Ltd: Armidale)
Johnson IR, Lodge GM, White RE (2003) The sustainable grazing systems pasture
model: description, philosophy and application to the SGS national experiment.
Australian Journal of Experimental Agriculture 43, 711-728.
Johnston WH (1996) The place of C4 grasses in temperate pastures in Australia. New
Zealand Journal of Agricultural Research. 39, 527-540.
Johnston WH, Beale GTH, Barker PJ (1996) Growth and moisture use characteristics of
warm and cool season species in the context of managing dryland salinity. In 'Perennial
pastures for recharge control: report on a workshop'. Bendigo. (Ed. J Taylor) pp. 39-51.
(Centre for Land Protection Research)
Johnston WH, Clifton CA, Cole IA, Koen TB, Mitchell ML (1999) Low input grasses
useful in limiting environments (LIGULE). Australian Journal of Agricultural Research
50, 29-53.
Johnston WH, Garden DL, Ellis S, Clifton C (2004) 'Hill country native grasslands:
better management for healthy catchments.' (Murray-Darling Basin Commission:
Canberra)
Johnston WH, Garden DL, Rancic A, Koen TB, Dassanayake KB, Langford CM, Ellis
NJS, Rab MA, Tuteja NK, Mitchell ML, Wadsworth J, Dight D, Holbrook K, LeLievre
R, McGeoch SM (2003) The impact of pasture development and grazing on wateryielding catchments in the Murray-Darling Basin in south-eastern Australia. Australian
Journal of Experimental Agriculture 43, 817-841.
Johnston WH, Koen TB, Shoemark VF (2002) Water use, competition, and a temperate
zone C4 grass (Eragrostis curvula (shrad.) Nees. complex) cv. Conol. Australian
Journal of Agricultural Research 53, 715-728.

References

250

Jolly ID, Williamson DR, Gilfedder M, Walker GR, Morton R, Robinson G, Jones H,
Zhang L, Dowling TI, Dyce P, Nathan RJ, Nandakumar N, Clarke R, McNeill V (2001)
Historical stream salinity trends and catchment salt balances in the Murray–Darling
Basin, Australia. Marine freshwater research 52, 53-63.
Jones RE, Dowling PM, Michalk DL, King WM (2006) Sustainable grazing systems for
the Central Tablelands of New South Wales. 5. A bioeconomic framework for
assessing the long-term economic benefits of grazing management tactics and
implications for sustainability. Australian Journal of Experimental Agriculture 46, 495502.
Kawamitsu Y, Agata W, Miura S (1987) Effects of vapour pressure difference on CO2
assimilation rate, leaf conductance and WUE in grass species. Journal of the Faculty of
Agriculture 31, 1-10.
Kemp DR, Dowling PM (2000) Towards sustainable temperate perennial pastures.
Australian Journal of Experimental Agriculture 40, 125-132.
Kemp DR, Dowling PM, Michalk DL (1996) Manageing the composition of native and
naturalised pastures with grazing. New Zealand Journal of Agricultural Research. 39,
569-578.
Kemp DR, Michalk DL (2007) Towards sustainable grassland and livestock
management. The Journal of Agricultural Science 145, 543-564.
Kemp DR, Michalk DL, Virgona JM (2000) Towards more sustainable pastures: lessons
learnt. Australian Journal of Experimental Agriculture 40, 343-356.
King WM, Dowling PM, Michalk DL, Kemp DR, Millar GD, Packer IJ, Priest SM,
Tarleton JA (2006) Sustainable grazing systems for the Central Tablelands of New
South Wales. 1. Agronomic implications of vegetation-environment associations within
a naturalised temperate perennial grassland. Australian Journal of Experimental
Agriculture 46, 439-456.
Kirkham MB, Grecu SJ, Kanemasu ET (1998) Comparison of minirhizotrons and the
soil-water-depletion method to determine maize and soybean root length and depth.
European Journal of Agronomy 8, 117-125.
Kobayashi K, Salam MU (2000) Comparing simulated and measured values using mean
squared deviation and its components. Agronomy Journal 92, 345-352.
Kristensen KJ (1974) Actual evapotranspiration in relation to leaf area. Nordic
Hydrology 5, 173-82.
Künnemeyer R, Schaare PN, Hanna MM (2001) A simple reflectometer for on-farm
pasture assessment. Computers and Electronics in Agriculture 31, 125-136.
Laca EA, Lemaire G (2000) Measuring sward structure. In 'Field and laboratory
methods for grassland and animal production research'. (Eds L 't Mannetje and RM
Jones). (CAB International)

References

251

Lane PNJ, Best AE, Hickel K, Zhang L (2005) The response of flow duration curves to
afforestation. Journal of Hydrology 310, 253-265.
Lang ARG (1987) Simplified estimate of leaf area index from transmittance of the sun's
beam. Agricultural and Forest Meteorology 41, 179-186.
Lauenroth WK, Gill R (2003) Turnover of root systems. In 'Root Ecology ' (Eds H de
Kroon and EJW Visser) pp. 61-83. (Springer-Verlag: Berlin Heidelberg)
Lenz VIS, Kohring K, Scheider K (2005) Deriving plant parameters from remote
sensing data for assimilation into crop growth models. Göttinger Geographische
Abhandlungen 113, 101-108.
LI-COR Inc. (1992) LAI-2000 Plant Canopy Analyser, Operating Manual. In. (Lincoln,
Nebraska)
Little DL, Frensham AB (1993) A rod-point technique for estimating botanical
composition of pastures. Australian Journal of Experimental Agriculture 33, 871-875.
Littleboy M, McKeon GM (1997) 'Subroutine GRASP: Grass production model.
Documentation of the Marcoola version of Subroutine GRASP. Appendix 2 of
Evaluating the risks of pasture and land degradation in native pasture in Queensland.'
Littleboy M, McKeon GM (2005) 'Subroutine GRASP: Grass production model.
Documentation of the Marcoola version of Subroutine GRASP. Appendix 2 of
Evaluating the risks of pasture and land degradation in native pasture in Queensland.
Updated version of the 1997 document.'
Littleboy M, Silburn DM, Freebairn DM, Woodruff DR, Hammer GL, Leslie JK (1992)
Impact of soil erosion on production in cropping systems. 1. Development and
validation of a simulation model. Australian Journal of Soil Research 30, 757-774.
Lodge GM (1994) The role and future use of perennial native grasses for temperate
pastures in Australia. New Zealand Journal of Agricultural Research. 37, 419-426.
Lodge GM (1998) (Ed.) 'Themes and experimental protocols for sustainable grazing
systems, LWRRDC Occassional paper No 13/98.'
Lodge GM (2001) Studies of soil seedbanks in native and sown pastures in northern
New South Wales. Rangeland Journal 23, 204-223.
Lodge GM, Gogel BJ, Cullis BR, Archer KA (1999) Effects of grazing, slashing and
burning on aristida ramosa and sheep productivity in northern New South Wales.
Australian Journal of Experimental Agriculture. 39, 685-698.
Lodge GM, Murphy SR (2006) Root depth of native and sown perennial grass-based
pastures, North-West Slopes, New South Wales. 1. Estimates from cores and effects of
grazing treatments. Australian Journal of Experimental Agriculture 46, 337-345.
Lodge GM, Murphy SR, Harden S (2003) Effects of continuous and seasonal grazing
strategies on the herbage mass, persistence, and animal productivity and soil water
content of a Sirosa phalaris-subterranean clover pasture, North-West Slopes, New South
Wales. Australian Journal of Experimental Agriculture 43, 539-552.
References

252

Lodge GM, Schipp AJ, Roworth BR (1998) Emergence and establishment of wallaby
grass (Danthonia spp.). In 'Proceedings of the 9th Australian Agronomy Conference'.
Wagga Wagga
Lodge GM, Whalley RDB (1983) Seasonal variation in the herbage mass, crude protein
and in-vitro digestibility of native perennial grasses on the north-west slopes of New
South Wales. Australian Rangeland Journal 5, 20-27.
Lodge GM, Whalley RDB (1985) The manipulation of species composition of natural
pastures by grazing management on the northern slopes of New South Wales.
Australian Rangeland Journal 7, 6-16.
Lodge GM, Whalley RDB (1989) 'Native and natural pastures on the northern slopes
and tablelands of New South Wales.' NSW Agriculture and Fisheries.
Lolicato SJ (2000) Soil water dynamics and growth of perennial pasture species for
dryland salinity control. Australian Journal of Experimental Agriculture 40, 37-45.
Lynch J (1995) Root architecture and plant productivity. Plant Physiology 109, 7-13.
Mackie-Dawson LA, Buckland ST, Duff EI, Pratt SM, Reid EJ, Millard P (1989) The
use of in situ techniques for the investigation of root growth. Aspects of Applied Biology
22, 349-356.
McDonald MC, Harbaugh AW (1988) 'MODFLOW, A modular three-dimensional
finite difference ground-water flow model.' US Geological Survey, Washington DC.
McDonald RC, Isbell RF, Speight JG, Walker J, Hopkins MS (1990) 'Australian Soil
and Land Survey. Field Handbook.' (Inkata Press: Melbourne)
McKell CM, Duncan C (1969) Competitive relationships of annual ryegrass (Lolium
multiflorum LAM.). Ecology 50, 653-657.
McKeon GM, Rickert KG, Cooksley D, Scattini WJ (1982) Pasture production model.
In 'Proceedings Australian Society of Animal Production' pp. 201-4)
MDBC (2000) 'Draft groundwater flow modelling guideline.' Murray-Darling Basin
Commission, Aquaterra Consulting Pty Ltd, Perth.
Meyer WS, Barrs HD (1985) Non destructive measurement of wheat roots in large
undisturbed and repacked clay soil cores. Plant & Soil 85, 237.
Michael PW (1970) Weeds of grasslands. In 'Australian Grasslands'. (Ed. RM Moore)
pp. 349-360. (Australian National University Press: Canberra)
Michalk DL, McFarlane JD (1977) 'A review of techniques for estimating yield and
botanical composition of pastures.' (University of New South Wales)
Miller-Goodman MS, Moser LE, Waller SS, Brummer JE, Reece PE (1999) Canopy
analysis as a technique to characterise defoliation intensity on Sandhills range. Journal
of Range Management 52, 357-362.

References

253

Mitchell M The root systems and root growth dynamics of a range of Australian native
grasses, Eragrostis curvula (Schrad.) Nees complex cv. Consol, and Phalaris aquatica L
cv. Sirosa. In. (Department of Primary Industries, Rutherglen VIC)
Moodie AWS (1934) Top-dressing New England Pastures. The Agricultural Gazette of
NSW 65, 301-306.
Moore AD, Donnelly JR, Freer M (1997) GRAZPLAN: Decision support systems for
Australian grazing enterprises.III. Pasture growth and soil moisure submodels, and the
GrasGro DSS. Agricultural Systems 55, 535-582.
Moore RM (1970) South-eastern temperate woodlands and grasslands. In 'Australian
Grasslands'. (Ed. RM Moore) pp. 169-190. (Australian National University Press:
Canberra)
Munnich DJ, Simpson PC, Nicol HI (1991) A survey of native grasses in the Goulburn
district and factors influencing their abundance. Rangeland Journal 13, 118-29.
Murphy SR (2002) The effect of grazing management on the hydrological balance of
natural pastures on the north-west slopes of New South Wales. University of New
England.
Murphy SR, Lodge GM (2001a) Plant density, litter and bare soil effects on actual
evaporation and transpiration in autumn. In 'Proceedings of the 10th Australian
Agronomy Conference'. Hobart
Murphy SR, Lodge GM (2001b) Real time analysis of rainfall, soil water content and
surface runoff. In 'Proceedings of the 10th Australian Agronomy Conference'. Hobart
Murphy SR, Lodge GM (2002) Ground cover in temperate native perennial grass
pastures. I. A comparison of four estimation methods. Rangeland Journal 24, 288-300.
Murphy SR, Lodge GM (2006) Root depth of native and sown perennial grass-based
pastures, North-West Slopes, New South Wales. 2. Estimates from changes in soil water
content. Australian Journal of Experimental Agriculture 46, 347-359.
Murphy SR, Lodge GM, Harden S (2004) Surface soil water dynamics in pasture in
northern New South Wales. 3. Evapotranspiration. Australian Journal of Experimental
Agriculture 44, 571-583.
Nepstad DC, de Carvalho CR, Davidson EA, Jipp PH, Lefebvre PA, Negreiros GH, da
Silva ED, Stone TA, Trumbore SE, Vieira S (1994) The role of deep roots in the
hydrological and carbon cycles of Amazonian forests and pastures. Nature 372, 666669.
Nobel PS (1981) Spacing and transpiration of various sized clumps of a desert grass,
Hilaria rigida. Journal of Ecology 69, 735-742.
Nulsen RA (1984) Evapotranspiration of four major agricultural plant communities in
the south-west of Western Australia measured with large ventilated chambers.
Agricultural Water Management 8, 191-202.

References

254

Orchard BA, Cullis BR, Coombes NE, Virgona JM, Klein T (2000) Grazing
management studies within the Temperate Pasture Sustainability Key Program:
experimental design and statistical analysis. Australian Journal of Experimental
Agriculture 40, 143-154.
Owens JS, Silburn DM, McKeon GM, Carroll C, Willcocks J, deVoil R (2003) Coverrunoff equations to improve simulation of runoff in pasture growth models. Australian
Journal of Soil Research 41, 1467-1488.
Owens JS, Tolmie PE, Silburn DM (2004) Validating modelled deep drainage estimates
for the Queensland Murray Darling Basin. In '13th International Soil Conservation
Organisation Conference.' Brisbane
Pannell DJ, Ewing MA (2006) Managing secondary dryland salinity: Options and
challenges. Agricultural Water Management 80, 41-56.
Pannell DJ, Ewing MA, Ridley AM (2004) Dryland salinity in Australia: overview and
prospects. In 'Dryland Salinity: Economic Issues at Farm, Catchment and Policy Levels
'. (Eds TW Graham, DJ Pannell and B White) pp. 3-18. (Cooperative Research Centre
for Plant-Based Management of Dryland Salinity, University of Western Australia:
Perth, Australia)
Passioura JB (1983) Roots and Drought resistance. Agricultural Water Management 7,
265-280.
Passioura JB (1991) Soil structure and plant growth. Australian Journal of Soil
Research 29, 717-28.
Passioura JB (1999) Can we bring about a perennially peopled and productive
countryside? Agroforestry Systems 45, 411-421.
Passioura JB, Ridley AM (1998) Managing soil water and nitrogen to minimise land
degradation. In 'Proceedings of the 9th Australian Agronomy Conference'
Paydar Z, Huth N, Ringrose-Voase A, Young R, Bernardi T (2005) Deep drainage and
land use systems. Model verification and systems comparison. Australian Journal of
Agricultural Research 56, 995-1007.
Payne RW, Harding SA, Murray DA, Soutar DM, Baird DB, Welham SJ, Kane AF,
Gilmour AR, Thompson R, Webster R, Tunnicliffe Wilson G (2005) GenStat Release 8
Reference Manual. In. (VSN International: Oxford, UK.)
Pearson CJ, Brown R, Collins WJ, Archer KA, Wood MS, Petersen C, Bootle B (1997)
An Australian temperate pastures database. Australian Journal of Agricultural Research
48, 453-465.
Petheram C, Walker G, Grayson R, Thierfelder T, Zhang L (2002) Towards a
framework for predicting impacts of land-use on recharge: 1. A review of recharge
studies in Australia. Australian Journal of Soil Research 40, 397-417.

References

255

Pierret A, Moran CJ, Doussan C (2005) Conventional detection methodology is limiting
our ability to understand the roles and functions of fine roots. New Phytologist 166,
967-980.
Pinheiro JC, Bates DM (2000) Mixed-effects Models in S and S-PLUS. In. (SpringerVerlag, New York, Inc.)
Pontailler JY, Hymus GJ, Drake BG (2003) Estimation of leaf area index using groundbased remote sensed NDVI measurements: validation and comparison with two indirect
techniques. Canadian Journal of Remote Sensing 29, 381-387.
QDNRM (2000) Patched Point Datasets. In 'SILO Meteorology for the land'.
(Queensland Department of Natural Resources and Mines on behalf of Climate Impacts
and Natural Resource Systems, http://www.longpaddock.qld.gov.au/silo/)
Quinn GP, Keough MJ (2002) 'Experimental design and data analysis for Biologists.'
(Cambridge University Press: Cambridge)
Rassam D, Littleboy M (2003) Identifying vertical and lateral components of drainage
flux in hill slopes. In 'MODSIM 2003 Proceedings'
Reece PE, Brummer JE, Engel RK, Northup BK, Nichols JT (1996) Grazing date and
frequency effects on prairie sandreed and sand bluestem. Journal of Range Management
49, 112-116.
Reed P (1990) An historical perspective on: Conserving What? - The basis for nature
conservation reserves in New South Wales 1967-1989. Australian Zoologist 26, 85-91.
Reeve IJ, Kaine G, Lees JW, Barclay E (2000) Producer perceptions of pasture decline
and grazing management. Australian Journal of Experimental Agriculture 40, 331-341.
Reid G, Dirou J (2004) How to interpret your soil test. In. (NSW Department of
Primary Industries), Retrieved 17th July 2005 from
http://www.dpi.nsw.gov.au/agriculture/resources/soils/testing/interpret)
Rengel Z, Robinson DL (1989) Aluminium effects on growth and macronutrient uptake
by annual ryegrass. Agronomy Journal 81, 208-215.
Richards JH (1993) Physiology of plants recovering from defoliation. In 'Proceedings of
the XVII International Grassland Congress'. Palmerston
Rickert KG, Stuth JW, McKeon GM (2000) Modelling pasture and animal production.
In 'Field and laboratory methods for grassland and animal production research.' pp. 2966)
Ridley AM, Christy B, White RE, McLean T, Trapnell L, Reynolds J (2003) North-east
Victorian SGS National Experiment Site: environmental and economic implications of
grazing systems at differenct levels of intensity. Australian Journal of Experimental
Agriculture. 43, 799-815.

References

256

Ridley AM, Pannell DJ (2005) The role of plants and plant-based research and
development in managing dryland salinity in Australia. Australian Journal of
Experimental Agriculture 45, 1341-1355.
Ridley AM, Simpson RJ (1994) Seasonal development of roots under perennial and
annual grass pastures. Australian Journal of Agricultural Research 45, 1077-87.
Ridley AM, Slattery WJ, Helyar KR, Cowling A (1990) Acidification under grazed
annual and perennial grass based pastures. Australian Journal of Experimental
Agriculture 30, 539-544.
Ridley AM, White RE, Simpson RJ, Callinan L (1997) Water use and drainage under
phalaris, cocksfoot and annual ryegrass pastures. Australian Journal of Agricultural
Research 48, 1011-1023.
Ritchie JT (1972) Model for predicting evaporation from a row crop with incomplete
cover. Water Resources Research 8, 1204-1213.
Ritchie JT (1983) 'Efficient Water Use in Crop Production: Discussion on the
Generality of Relations Between Biomass Production and Evapotranspiration.' (ASA,
CSSA, SSSA)
Robertson M (2006) 'Lucerne prospects: Drivers for widespread adoption of lucerne for
profit and salinity management.' (Cooperative Research Centre for Plant-based
management of dryland salinity: Perth)
Robertson SM (2006) Predicting pasture and sheep production in the Victorian Mallee
with the decision support tool, Grassgro. Australian Journal of Experimental
Agriculture 46, 1005-1014.
Robinson GG, Archer KA (1988) Agronomic potential of Native Grass Species on the
Northern Tablelands of New South Wales. 1. Growth and herbage production.
Australian Journal of Agricultural Research 39, 415-423.
Russ JC (1995) 'The Image Processing Handbook.' (CRC Press Inc)
Sackville Hamilton NR, Matthew C, Lemaire G (1995) In defence of the -3/2 boundary
rule: a re-evaluation of self-thinning concepts and status. Annals of Botany 76, 569-577.
Salmon L, Donnelly J, Simpson R, Moore A, Freer M (2003) 'Grassgro Version 2.4
Resource Kit.' (CSIRO Plant Industry)
Sandral GA, Dear BS, Virgona JM, Swan AD, Orchard BA (2006) Changes in soil
water content under annual- and perennial-based pasture systems in the wheatbelt of
southern New South Wales. Australian Journal of Agricultural Research 57, 321-333.
Sanford P, Whalley RDB, Garden DL, Norton MR, Waters CM, Smith AB, Mitchell
ML, Kobelt E, Friend DA, Hall E, Auricht G (2005) Identification of superior native
and introduced grasses for low-input pastures in temperate Australia. The Rangeland
Journal 27, 55-71.

References

257

Sarmah AK, Close ME, Dann R, Pang L, Green SR (2006) Parameter estimation
through inverse modelling and comparison of four leaching models using experimental
data from two contrasting pesticide field trials in New Zealand. Australian Journal of
Soil Research 44, 581-597S.
Schafer WM, Nielsen GA (1981) Root Biomass Calculation Using a Modified Counting
Technique. Journal of Range Management 34, 245-247.
Schroder PM, Clifton CA, Trebilcock B, Graham JF (1998) The effect of pasture type
on soil matric potential and root profile. In 'Proceedings of the 9th Australian
Agronomy Conference'. Wagga Wagga
Scott BJ, Ridley AM, Conyers MK (2000a) Management of soil acidity in long-term
pastures of south-eastern Australia: a review. Australian Journal of Experimental
Agriculture 40, 1173-1198.
Scott JM, Hutchinson KJ, King K, Chen W, McLeod M, Blair GJ, White A, Wilkinson
D, Lefroy RDB, Cresswell H, Daniel H, Harris C, MacLeod DA, Blair N, Chaimberlain
G (2000b) Quantifying the sustainability of grazed pastures on the Northern Tablelands
of New South Wales. Australian Journal of Experimental Agriculture 40, 257-265.
Semple WS, Koen TB, Cole IA (1999) Establishing native grasses in degraded pastures
of central western New South Wales. Rangeland Journal 21, 153-168.
Silberstein RP (2006) Hydrological models are so good, do we still need data?
Environmental Modelling & Software 21, 1340-1352
Silva JS, Rego FC, Martins-Loucao MA (2003) Root distribution of Mediterranean
woody plants. Introducing a new empiracal model. Plant Biosystems 137, 1-10.
Simpson IH, Robinson GG (1967) Topdressed native pastures can be highly productive.
The Agricultural Gazette of NSW 78, 440-443.
Singh DK, Bird PR, Saul GR (2003) Maximising the use of soil water by herbaceous
species in the high rainfall zone of southern Australia: a review. Australian Journal of
Agricultural Research.
Smika DE (1983) Soil water change as related to position of wheat straw mulch on the
soil surface. Soil Science Society of America Journal 47, 988-991.
Smit AL, Bengough AG, Engels C, Noordwijk M, Pellerin S, Geijn SC (2000) (Eds)
'Root methods - a handbook.' (Springer)
Smith RCG, Biddiscombe EF, Stern WR (1972) Evaluation of five Meditteranean
annual pastue species during early growth. Australian Journal of Agricultural Research
23, 703 - 716.
Sokal RR, Rolfe FJ (1981) 'Biometry.' (W. H. Freeman and Company: USA)
Southwell AF, Virgona JM, Ridley AM, Eberbach P (2005) How deep do Bothriochloa
macra roots go in comparison to Austrodanthonia spp.? In 'National native grasses
conference'. Burra, South Australia
References

258

Stirzaker RJ, Vertessy R, Sarre A (2002) 'Trees, water and salt: an Australian guide to
using trees for healthy catchments and productive farms.' (RIRDC: Canberra)
Stone LR, Goodrum DE, Nor Jaafar M, Khan AH (2001) Rooting front and water
depletion depths in grain sorghum and sunflower. Agronomy Journal 93, 1105-1110.
Stone LR, Teare ID, Nickell CD, Mayaki WC (1976) Soybean root development and
soil water depletion. Agronomy Journal 68, 677-680.
Suwardji P, Eberbach PL (1998) Seasonal changes of physical properties of an Oxic
Paleustalf (Red Kandosol) after 16 years of direct drilling or conventional cultivation.
Soil and Tillage Research 49, 65-77.
Sydes CL, Grime JP (1984) A comparative study of root development using a simulated
rock crevice. Journal of Ecology 72, 937-946.
t' Mannejte L, Jones RM (2000) Measuring biomass of grassland vegetation. In 'Field
and laboratory methods for grassland and animal production research'. (Eds L t
Mannetje and RM Jones). (CAB International)
Tanner CB, Sinclair TR (1983) Efficient water use in crop production: research or
research? In 'Limitations to efficient water use in crop production'. (Eds HM Taylor,
WR Jordan and TR Sinclair) pp. 1-28. (American Society of Agronomy: Madison)
Taylor HM (1987) (Ed.) 'Minirhizotron observation tubes: Methods and applications for
mesuring rhizosphere dynamics.' ASA Special Publication Number 50 (American
Society of Agronomy: Madison)
Taylor J, Clifton CA (1993) Recharge control in hill country: can pastures do the job?
In 'Land Management for Dryland Salinity Control'. (Express Printers: Bendigo)
Thornley JHM (1996) Modelling water in crops and plant ecosystems. Annals of Botany
77, 261-275.
Thornley JHM (1998) 'Grassland Dynamics: An ecosystem simulation model.' (CAB
International: Oxon, United Kingdom)
Tucker CJ (1980) A critical review of remote sensing and other methods for nondestructive estimation of standing crop biomass. Grass & Forage Science 35, 177-182.
Van der Krift TAJ, Berendse F (2002) Root life spans of four grass species from
habitats differing in nutrient availability. Functional Ecology 16, 198-203.
Van Dijk A, Evans R, Hairsine P, Khan S, Nathan R, Paydar Z, Viney N, Zhang L
(2006) 'Risks to the shared water resources of the Murray-Darling Basin.' MurrayDarling Basin Commission, Canberra.
Verbyla AP, Cullis BR, Kenward MG, Welham SJ (1999) The analysis of designed
experiments and longitudinal data by using smoothing splines. Applied Statistics 48,
269-311.

References

259

Vere DT, Jones RE, Campbell MH (2002) An economic evaluation of native pasture
systems in south-eastern New South Wales. Agricultural Systems 72, 133-148.
Virgona JM (2003) Effect of lucerne density on soil moisture content during summer in
southern NSW. In 'Proceedings of the 11th Australian Agronomy Conference'. Geelong
Virgona JM, Avery AL, Graham JF, Orchard BA (2000) Effects of grazing management
on phalaris herbage mass and persistence in summer-dry environments. Australian
Journal of Experimental Agriculture 40, 171-184.
Virgona JM, Bowcher A (2000) Effects of grazing interval on basal cover of four
perennial grasses in a summer-dry environment. Australian Journal of Experimental
Agriculture 40, 299-311.
Virgona JM, Mitchell M, Ridley AM (2002) Native pastures - research and
development directions with respect to the mitigation of dryland salinity. In 'Fenner
Conference on the Environment'. Canberra
Virgona JM, Southwell AF (2006) The influence of grazing interval and perennial grass
species on soil moisture. In 'Proceedings of the 13th Australian Agronomy Conference'.
Perth
Volesky JD, Schacht WH, Reece PE (1999) Leaf area, visual obstruction and standing
crop relationships on Sandhills rangeland. Journal of Range Management 52, 494-499.
VSN International Ltd (2005) Genstat for Windows® 8th Edition. In. pp. General
Statistics Software. (VSN International Ltd: UK)
Waite RB, Kerr JD (1996) Measuring yields of green leaf blade in pastures by visual
estimation techniques. Tropical Grasslands 30, 314-318.
Walker BH, McFarlane FR, Langridge JL (1996) Grass growth in response to time of
rainfall and season along a climate gradient in Australian rangelands. Rangeland
Journal 19, 95-108.
Walker G, Gilfedder M, Williams J (1999) 'Effectiveness of current farming systems in
the control of dryland salinity.' (CSIRO Land and Water: Canberra)
Wallach D, Makowski D, Jones JW (2006) (Eds) 'Working with dynamic crop models.'
(Elsevier: Oxford)
Ward PR, Dunin FX, Micin SF (2001) Water balance of annual and perennial pastures
on a duplex soil in a Mediterranean environment. Australian Journal of Agricultural
Research 52, 203-209.
Waterwatch South Australia (2006) Saltwatch, Tell me more about salinity. In
'http://www.sa.waterwatch.org.au/sw_salinity.htm'. (Government of South Australia)
Welles JM (1990) Some indirect methods of estimating canopy structure. Remote
Sensing Reviews 5, 31-43.

References

260

Welles JM, Norman JM (1991) Instrument for indirect measurement of canopy
architecture. Agronomy Journal 83, 818-825.
Westbrooke M, Hives N (1991) 'The vegetation and pastures of the Lexton landcare
area.' Lexton Landcare.
http://www.dpi.vic.gov.au/dpi/vro/nthcenregn.nsf/pages/nc_bet_landuse_lexton_landcar
e.
Westoby M, Walker B, Noy-Meir I (1989) Opportunistic management for rangelands
not at equilibrium. Journal of Range Management 42, 266-274.
Whalley RDB, Lodge GM (1987) Use of native and natural pastures. In 'Temperate
Pastures: Their Production, Use and Management'. (Eds JL Wheeler, CJ Pearson and
GE Roberts) pp. 533-550. (Australian Wool Corporation: Melbourne)
Wheeler DJB, Jacobs SWL, Whalley RDB (2002) 'Grasses of New South Wales.'
(University of New England: Armidale, Australia)
White RE, Christy BP, Ridley AM, Okom AE, Murphy SR, Johnston WH, Michalk DL,
Sanford P, McCaskill MR, Johnson IR, Garden DL, Hall DJM, Andrew MH (2003) The
influence of soil, pasture type and management on the use of water in grazing systems
of the High Rainfall Zone of southern Australia. Australian Journal of Experimental
Agriculture. 43, 907-926.
White RE, Helyar KR, Ridley AM, Chen D, Heng LK, Evans J, Fisher R, Hirth JR,
Mele PM, Morrison GR, Cresswell HP, Paydar Z, Dunin FX, Dove H, Simpson RJ
(2000) Soil factors affecting the sustainability and productivity of perennial and annual
pastures in the high rainfall zone of south-eastern Australia. Australian Journal of
Experimental Agriculture. 40, 267-283.
Whitfield DM (1998) Hydrologic utility of phase farming based on winter rainfall in
south eastern Australia. In 'Proceedings of the 9th Australian Agronomy Conference'.
Wagga Wagga pp. pages 823-826
Williams GJ (1974) Photosynthetic adaptation to temperature in C3 and C4 grasses.
Plant Physiology 54, 709-711.
Williams JR, Jones CA, Kiniry JR, Spanel DA (1989) The EPIC crop model.
Transactions of the ASAE 32, 497-511.
Wilson JW (1960) Inclined Point Quadrats. New Phytologist 59, 1-8.
Wilson JW (1963) Estimation of foliage denseness and foliage angle by inclined point
quadrats. Australian Journal of Botany 11, 95-105.
Wolfe EC, Dear BS (2001) The population dynamics of pastures with particular
reference to southern Australia. In 'Competition and succession in pastures'. (Eds PG
Tow and A Lazenby). (CAB International Publishing: New York)
Yeaton RI, Cody ML (1976) Competition and spacing in plant communities: the
northern Mohave Desert. Journal of Ecology 64, 689-696.

References

261

Yunusa IAM, Mele PM, Rab MA, Schefe CR, Beverley CR (2002) Priming of soil
structural and hydrological properties by native woody species, annual crops and a
permanent pasture. Australian Journal of Soil Research 40, 207-219.

References

262

Appendix I. A topographic map of field site locations and the area’s underlying geology. From north to south the paddocks have been
named C3/C4 mixed pasture; C3 pasture and C4 pasture respectively. Values positioned at each paddock indicate its size in hectares.
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Appendix II.
Table 1. The parameters used in the generic pasture model described in Chapter 8.
Parameter
Cropflag
DePD
DePR
DeSW
DeSWT
DePW
DeFD
cf
EtPanWUE
EtPanHI
EtPanDays
drymini
cresmin
MaxResidCover
ddwe
dwemax
Crplng
Day1
Day15
Day46
Day74
Day105
Day135
Day166
Day196
Day227
Day258
Day288
Day319
Day349
Day366
Day1
Day15
Day46
Day74
Day105
Day135
Day166
Day196
Day227
Day258
Day288
Day319
Day349
Day366
resrat
restrg
resrd1
resrd2

Appendix II.

Annual4
4
1-Jan
30.0-7.0
50.0-0.8
0.0-60.0
30-Jan
60
0.3
1.8
0.4
365
500
800
1
100
1000
1
1
15
46
74
105
135
166
196
227
258
288
319
349
366
0
0
10
20
40
90
90
60
90
100
80
70
60
50
0
60
15
3

Description
Internal flag (do not change)
Default ""fixed"" planting date
Default planting rainfall over ""n"" days
Default min. soil water summed to ""n"" m
Default min/max soil water 0-10cm
Default planting window
Default min. length of preceding fallow
Crop Factor
Water Use Efficiency (g/m2 per mm of transpiration)
Harvest Index
No. of days from Planting to Harvest
Initial dry matter at planting (kg/ha) - (only relevant for pastures)
Minimum residual (kg/ha) - (only relevant for pastures)
Maximum Residue Cover (0-1)
Daily root growth (mm)
Maximum root depth
Erosion flow length (m)
Day number
Day number
Day number
Day number
Day number
Day number
Day number
Day number
Day number
Day number
Day number
Day number
Day number
Day number
Cover
Cover
Cover
Cover
Cover
Cover
Cover
Cover
Cover
Cover
Cover
Cover
Cover
Cover
Residue decay rate (%)
Day number below which resrd1 applies, else resrd2 applies
Residue decay rate1 (kg/day)
Residue decay rate2 (kg/day)
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Table 2 The parameters used in the Native Pasture Model (Chapter 8) for the Density experiment treatments Austrodanthonia spp. and Bothriochloa macra planted at 4, 9,
16 and 25 plants m-2 (Chapter 6 and 7). Shaded rows indicate values derived from experimental datasets.
Parameter
KV1
KV2
KV3
KV4
KV5
KV6
KV7
KV8
KV9
KV10
KV11
KV12
KV13
KV14
KV15
KV16
KD1
KD2
KD3
KD4
KF1L
KF1L
KF1L
KA1
KA2
KA3
KA4
KA5
KA6
KR1
KR2

Appendix II.

Austrodanthonia spp.
Bothriochloa macra
4
9
16
25
4
9
16
25
0.6
0.6
0.6
0.6
0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.8
0.8
0.8
0.8
5
5
5
5
5
5
5
5
11.5
11.5
11.5
11.5
12.8
12.8
12.8
12.8
200
200
200
200
150
150
150
150
150
150
150
150
200
200
200
200
200
200
200
200
190
190
190
190
0.5
0.5
0.5
0.5
0.2
0.2
0.2
0.2
1000
1000
1000
1000
1200
1200
1200
1200
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
20
20
20
20
20
20
20
20
0.9
0.9
0.9
0.9
0.5
0.5
0.5
0.5
7
7
7
7
14
14
14
14
30
30
30
30
12
12
12
12
0.7
0.7
0.7
0.7
0.5
0.5
0.5
0.5
3
3
3
3
3
3
3
3
0.15
0.15
0.15
0.15
0.25
0.25
0.25
0.25
2
2
2
2
8
8
8
8
-8
-8
-8
-8
-5
-5
-5
-5
0.7
0.9
0.9
0.9
0.01
0.01
0.01
0.01
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.05
0.05
0.05
0.05
0.02
0.02
0.02
0.02
1000
1000
1000
1000
1000
1000
1000
1000
100000 100000 100000 100000 100000 100000 100000 100000
1
1
1
1
0.95
0.95
0.95
0.95
1
1
1
1
1000
1000
1000
1000
1
1
1
1
1000
1000
1000
1000
0
0
0
0
1
1
1
1
0.0001 0.0001 0.001
0.001 0.003
0.003
0.003
0.001
0.15
0.15
0.15
0.15
0.3
0.3
0.3
0.3

Description
Vernalisation rate at 0oC
Effect of temperature on vernalisation rate oC-1
Base temp for degree-day computations
Daylength (h) for commencement of reproductive phenostage
Degree-day sum for commencement of reproductive phenostage
Degree-day sum for commencement of flowering - Annuals
Maximum length of flowering period - Annuals
Effect of soil moisture stress on flowering duration (days)-Annuals
Degree-day sum beyond which reproductive phenostage can end
Available water threshold below which reprod phenostage can end
Tlag temperature below which summer dorm. phenostage can end
ASW threshold above which summer dorm. phenostage can end
Initial duration of cool, moist cond's required to break summer dormancy
Days required for summer dormancy to reduce to zero - summer dormancy
Glfsoil [0-1] for commencement of reproductive phenostage (re:KV4, KV5)
Number of days Kv15 for commencement of reproductive phenostage (re:KV4, KV5)
Death rate between immature and mature pools during frosts (day-1)
Temperature parameter for 5% mortality at the first frost (oC)
Temperature parameter for 95% mortality at the first frost (oC)
Frost hardening factor
Rate of fall of standing dead due to precipitation
Curvature of relationship between fall rate and precipitation
Specific rate of fall of standing dead due to trampling
Target root:shoot ratio during vegetative growth (not used when allocation table=1)
Target root:shoot ratio after flowering
Maximum allocation to reproductive structure (not used when allocation table=1)
Maximum relative growth rate of shoots during reproductive and flowering
Maximum relative growth rate of shoots during post-reproductive
Maximum relative growth rate of roots during summer dormancy (not used when allocation table=1)
Specific root loss rate at 10oC [0-1] approx equilivant to daily baseline fraction reduction
Q10 for root loss [0-1]

(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Phenology)
(Death)
(Death)
(Death)
(Death)
(Death)
(Death)
(Death)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
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Table 2 cont.
Parameter
KR3
KR4
KT1
KT2
KT3
KT4
KW1
KW2
KW3
KW4
KU1
KU2
KU3
KU4
Ki1
Ki3
Ki4
Ki5
Ki6
KT5
KT6
KT7
KT8
KX1
KX2
KX3
KX4
KX5
KB1
KB2
KC1
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Austrodanthonia spp.
Bothriochloa macra
4
9
16
25
4
9
16
25
2
2
2
2
2
2
2
2
0.8834 0.8828 0.9061 0.9275 0.9526 0.9638 0.9628 0.9678
6.5
6.5
6.5
6.5
8
8
8
8
14
14
12
12
23
24
24
24
24
24
24
24
42
42
42
42
36
36
36
36
45
45
45
45
0.25
0.25
0.25
0.25
0.15
0.15
0.15
0.15
0.3
0.3
0.3
0.3
0.2
0.2
0.2
0.2
1
1
1
1
0.9
0.9
0.9
0.9
23
23
23
23
23
23
23
23
80
80
50
100
40
40
40
40
0.003 0.003 0.005 0.005 0.0035 0.0035 0.0035 0.0035
0.58
0.58
0.58
0.58
1
1
1
0.8
0.8
0.8
0.5
0.5
0.2
0.2
0.2
0.2
0.008
0.008
0.008
0.008
0.013
0.013
0.013
0.013
450
450
450
450
500
500
500
500
0.6
0.6
0.6
0.6
0.65
0.65
0.65
0.65
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.016 0.016 0.016 0.016 0.016
0.016
0.016
0.016
2
2
2
2
0
0
0
0
37
37
37
37
5
5
5
5
0.65
0.65
0.65
0.65
0.85
0.85
0.85
0.85
1.8
1.8
1.8
1.8
0
0
0
0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.7
0.7
0.7
0.7
0.7
0.8
0.8
0.8
0.45
0.45
0.45
0.45
0.65
0.65
0.65
0.65
1.1
1.1
1
1.1
1.45
1
1
1
1.5
1.5
1.5
1.5
1.4
1
1
1
3.0917 3.0917 3.0917 3.0917 2.821
2.821
2.821
2.821
1.1206 1.1206 1.1206 1.1206
0
0
0
0
1.6
1.6
1.6
1.8
1.5
1.5
1.5
1.5

Description
Root distribution funtion irootfn (0 = default, 1= Ritchie, 2 = power, 3 = proportional)
Root distribution power function beta value when KR3=2
Lower temperature for 5% of maximum growth (average daily)
Lower temperature for 95% of maximum growth
Upper temperature for 95% of maximum growth
Upper temperature for 5% of maximum growth
Average soil moisture ASW threshold for water use
Average soil moisture ASW threshold for growth
WFPS(water filled pore space) threshold for waterlogging
The curvature of growth limitation by waterlogging
Biomass threshold for remobilisation for underground reserves (kg ha-1)
Relative rate of remobilisation (day-1)
Growth limiting factor (soil water) for remobilisation for underground reserves
Growth limiting factor (temp) for remobilisation for underground reserves
Ratio of green leaf area index to leaf weight
Radiation use efficiency at a referenced solar (g MJ-1)
Radiation intensity on radiation use efficiency
Ratio of area index to stem weight
Ratio of area index to dead and litter weight
Minimum temperature (grtmin)
Optimum temperature (grtopt)
Temperature n (grtemn) [0,1]
Glftemp multiplication factor used when t>topt
Minimum available percent soil water [0-1]
Optimum available percent soil water [0-1]
Available soil water shape parameter [0,1]
Decay soil moisture multiplier [must be > 1.0, 0.0 = turned off]
Multiplication/weighting factor
Basal area coefficient
Basal area exponent
Conversion factor for cover and LAI (t ha-1)

(Roots)
(Roots)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Allocation)
(Remobilisation)
(Remobilisation)
(Remobilisation)
(Remobilisation)
(Transpiration)
(Transpiration)
(Transpiration)
(Transpiration)
(Transpiration)
(Decay function)
(Decay function)
(Decay function)
(Decay function)
(Glfsoil function)
(Glfsoil function)
(Glfsoil function)
(Glfsoil function)
(Glfsoil function)
(Basal area function)
(Basal area function)
(Cover and LAI)
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Appendix III. The Native Pasture Model technical manual
The native vegetation phenological model of plant growth is based on a cycle of
phenology to describe net primary production, assimilate partitioning between root,
shoot and stems, decay functions and root mobilisation processes (Figure 1). The
allocation and transfer of biomass from immature development through to dead/litter
and ultimately null, is controlled by a series of decay functions. The model is capable
of simulating a series of swards that compete based on root development and
intercepted light. Though net primary production can be allocated to seed development,
germination is not considered.

Net Primary Production
NPP

Roots

Shoots
0.7 NPP

0.3 NPP

Immature shoots (W1)

Immature stems (W1)

γ1W1

γ1W1

Mature shoots (W2)

Mature stems (W2)

γ2W2

γ2W2

Senescing shoots (W3)

Senescing stems (W3)

γ3W3

γ3W3
Dead and Litter
(W4)

Harvest

γ4W4
Null

Figure 1 Schematic of the CSU native vegetation model

The following functional forms, based on Freer et al. (1997), are extensively used in
this model to describe smooth and continuous response transitions.
DIM ( x, y ) = max( x − y,0 )
⎛
⎛ x − a ⎞⎞
RAMP( x, a, b ) = max⎜⎜ 0, min⎜
,1⎟ ⎟⎟
⎝ b − a ⎠⎠
⎝
⎛
⎛ 2 (ln (0.95) − ln (0.05)) ⎛
a + b ⎞⎞⎞
SIG (x, a, b ) = ⎜⎜ 1 + exp⎜⎜ −
⎜ x−
⎟ ⎟⎟ ⎟⎟
b
−
a
2
⎝
⎠⎠⎠
⎝
⎝
Q10 (x, x10 , q ) = x10 . q

−1

3.10.1

⎛ x − 10 ⎞
⎜
⎟
⎝ 10 ⎠
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Phenology
The physiological status of the plant through these cycles is expressed through several
discreet phenostages, (Vernalisation, Vegetative, Reproductive, Flowering and PostReproductive) influenced by, and incorporating, a variety of different environmental
controls (Figure 2). Additionally, transitions between stages are governed by elapsed
time or incrementing environmental variation. The phenological status influences the
allocation of net primary production (NPP) throughout the system but does not control
the amount of NPP produced.

Vernalising

Vegetative

Reproductive

Pre-flowering
Flowering
Seed filling

Post-reproductive

Figure 2 Phenological cycle of the CSU Native Pasture Model

Vernalisation
Some plant species have a vernalisation requirement in which they require a period of
low temperatures before vegetative development can commence. All species pass
through this stage regardless of whether they actually require a vernalisation period.
Vernalisation is completed (and the vegetative stage entered) when the vernalisation
index (VIj) exceeds a value of 1. The larger the value for KV1, the shorter the
vernalisation period. The larger the value of KV2, the longer the vernalisation period.
When KV2 = 0, vernalisation is dependent on KV1 only.
VI j

t = Δt

t

= VI j + KV 1 j exp( − KV 2 j TMIN )

3.10.2

j is pasture species
VIj is vernalisation index of species j
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KV1j is user-defined vernalisation rate at 0°C
KV2j is user-defined parameter defining effects of temperature on vernalisation
rate (°C-1)
TMIN is minimum daily temperature

Vegetation
Vegetation or the vegetative phenostage occurs during periods of active growth by the
plant prior to the formation of reproductive structures. The conversion from vegetative
to reproductive growth is controlled by a number of factors. The vegetative phenostage
ends and the reproductive stage is entered when day length, degree-day count and soil
moisture conditions are met. Day length must exceed KV4j (day length (h) for
commencement of reproductive phenostage) in addition to the degree-day sum DDj
(which starts at zero on the first day of the vegetative phase) exceeding the parameter
KV5 (degree-day sum for commencement of reproductive phenostage). Also,
reproduction can only be entered if the growth-limiting factor for soil moisture (glfsoil)
exceeds KV15 for KV16 days consecutively.

End vegetative phenostage = ( daylng ≥ KV 4 j ) and ( DD j ≥ KV5 j )

3.10.3

and:
( glfsoil ≥ KV15 j ) and ( glfsnt ≥ KV16 j )

3.10.4

daylng is day length (h)
KV4 j is user-defined day length for commencement of reproductive phenostage
for species j
KV5j is degree-day sum for commencement of reproductive phase for species j
glfsoil is growth-limiting factor for soil moisture (0-1)
KV15j is user-defined growth-limiting value above which reproductive
phenostage can begin
glfsnt is number of days that glfsoil is greater than KV15 j
KV16j is user-defined number of days that glfsoil is required to be greater than
KV15 j for species j (i.e. glfsnt)
DDj is degree-days since the beginning of vegetative phase, calculated as follows:
DD j

t + Δt

t

= DD j + DIM (TMEAN , KV 3 j )

3.10.5

KV3j is user-defined base temperature for degree-day computations (°C)
TMEAN is mean daily temperature
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Reproduction
Reproduction describes the early stages of reproductive growth when at least 50% of
ramets have at least one flower, with the most advanced stage between stem elongation
and anthesis. When the reproductive stage is entered, the degree-day count DDj is reset
to zero and thereafter incremented daily. The reproductive period ends and flowering
begins when DDj reaches the degree-day sum for commencement of flowering KV6j.
End of reproductive phase = DD j > KV 6 j

3.10.6

The reproductive phenostage ends and the post-reproductive phenostage is entered
when day length reduces below KV4 (user-defined day length control for species j).

Flowering
Flowering describes the later stages of reproductive growth when at least 50% of ramets
have at least one flower, with the most advanced stage between post anthesis and seed
drop. The length of flowering period can be used to control allocation of assimilate
seeds.
A ‘days of flowering’ variable DFj is set to zero and a flowering index FIj is set to a
maximum length of flowering period KV7j. On each subsequent day of flowering, DFj is
incremented and the length of the flowering period is reduced as a function of glfsoil.
DF j
FI j

t + Δt

t + Δt

= DF j + 1

DF j

t + Δt

< FI j

t

t

DF j

t + Δt

< FI j

t

t

= FI j − KV 8 j (1 − glfsoil )

3.10.7
3.10.8

DF is days of flowering (days)
FI is flowering index
KV8j is effect of soil moisture stress on flowering duration (days)
glfsoil is growth-limiting factor for soil moisture (0-1)
Post-reproduction will not commence until flowering is complete, as defined by:

(

End of flowering phenostage = (DD j ≥ KV 9 j )and DF j

t + Δt

≥ FI j

t

)

3.10.9

or:
daylng < KV 4 j

3.10.10

KV9j is user-defined degree-day sum beyond which flowering phenostage can
end
daylng is day length
KV4 is user-defined day length control for species j
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Post-reproduction
Some native species exhibit a post-reproductive dormancy, or period in which
meristematic activity is slowed or halted, leading to sink-limitation of growth. The PRIj
is the number of successive days of cool moist conditions, which are suitable for
breaking dormancy. The number of days required to break post-reproduction declines
over time until being automatically broken after KV14j days have elapsed. The additional
condition required for the end of the post-reproduction is:
PRI j > KV 13 j DIM (1, Dsd , j / KV 14 j ) 2

3.10.11

PRIj is post-reproductive index
KV13j is user-defined parameter defining initial duration of cool, moist conditions
required to break post-reproduction (days)
Dsd is days spent in post-reproductive phase
KV14j is time required for post-reproduction to reduce to zero (days)
Post-reproduction is then broken when conditions are significantly cool and moist.
During the post-reproductive phenostage, three factors are calculated: the number of
days spent in post-reproduction Dsd,j; a lagged temperature variable Tlag,j; and a postreproductive index PRIj.

⎧⎪ PRI j + 1
PRI j = ⎨
⎪⎩0

Tlag , j

t + Δt

< KV 11, j and ASW > KV 12, j

otherwise

3.10.12

where:
Dsd , j
Tlag , j

t + Δt

t + Δt

= Dsd , j t + 1

⎧⎪TMEAN
= ⎨
t
⎪⎩ 0.2 TMEAN + 0.8 Tlag , j

3.10.13

PRI j = 0
PRI j > 0

3.10.14

Tlag is lagged temperature variable
Dsd is days spent in post-reproductive phenostage
TMEAN is mean temperature (T°C)
KV11 is Tlag temperature below which post-reproductive phenostage can end
KV12 is available soil water (ASW) threshold above which post-reproductive
phenostage can end

Herbage mass transfer to the senescing pools
At the end of the flowering phase, or when conditions meet user-defined triggers for
minimum available soil, water and maximum temperature, all immature and mature
stem herbage is moved to the corresponding senescing tissue pool and is advanced to
the post-reproductive phenostage. In addition, decay rates out of the senescing pool into
the dead pool (γ3W3) are increased by a user-defined value.
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The onset of herbage mass transfer to the senescing pools is defined by:
⎧
⎪⎪ end of flowering
Herbage mass transfers = ⎨ ASW ≤ WP 0 ≤ Z depth all phenostages except post − reproductive
⎪ t + Δt
⎪⎩ ∑t T max ≥ Tthreshold all phenostages except post − reproductive
3.10.15

Zdepth is user-defined depth
Tthreshold is user-defined temperature threshold
Δt is user-defined day count
Herbage mass transfer:
B( j , stems / shoot ,1)

3

= ∑ B( j, stems / shoot , d )

t + Δt

t

d =1

B ( j , stems / shoot , d )
B ( j , root )
B (null )

=0

⎫⎪
⎬
= B( j , root ) ⎪⎭

t + Δt

t + Δt

t + Δt

=0

t

d = 2,3

3.10.16

annuals only

Sward growth

Assimilation by each sward is modelled as net primary production (NPPl). The growth
and development of sward formulation involves a mixture of multiplicative and limiting
factor approaches to simulate the interacting factors of light, temperature, radiation, soil
moisture availability and water logging, as defined by:

⎛
IFstd + K I 4 j
NPPj = K Fert K BA , j ⎜ K I 3 j
⎜
I / DL + K I 4 j
⎝

⎞
⎟ ( IL j , AL j , I ) min( gfltemp j , glfsoil j , glfwtable j )
⎟
⎠
3.10.17

NPPl is net primary production of sward (kg/ha/day)
KFert is user-defined fertility scalar (0-1)
KBAj is basal area coefficient
KI3j is user-defined radiation use efficiency at referenced solar (gMJ-1)
KI4j is user-defined effect of radiation intensity on radiation use efficiency
(MJ/m-2/h-1)
ILj is amount of intercepted light by current proportion of pasture
ALjl is amount of light intercepted by current proportion of pasture
I is daily solar radiation (mJ/m2/day)
IFstd is reference light flux intensity
DL is day length
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This equation incorporates radiation use efficiency as the first term, the amount of light
intercepted by the current proportion of pasture as the second term, and growth-limiting
factors as the third term. The constant IFstd is a referenced light flux intensity at which
parameter KI3j is estimated. The basal area coefficient KBA,j accounts for planting
densities and species real abundances, as defined by the exponential curve below, rising
to a maximum of 100% of the Green Leaf Area Index (GLAI).
K BA, j = 1 − exp(− 12 x j )

3.10.18

KBA is basal area coefficient for species j
x is user-defined basal area of species j
A typical GLAI efficiency response curve is shown in Figure 3.

GLAI efficiency %
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1.0

-2

Basal Area m m

Figure 3 GLAI efficiency plateaus once a basal area of approximately 0.3 is reached.

Temperature limiting factor
The temperature net primary production limiting factor is defined by:
glftemp j = min (SIG (Tlag , K T 1 j , K T 2 j ) , SIG (Tlag , K T 4 j , K T 3 j ))

3.10.19

j is pasture species
Tlag is lagged temperature variable
KT1j is lower temperature for 5% of maximum growth for species j
KT2j is lower temperature for 95% of maximum growth for species j
KT3j is upper temperature of 95% of maximum growth for species j
KT4j is upper temperature for 5% of maximum growth for species j
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Soil moisture limiting factor
The soil moisture net primary production limiting factor is defined by:
glfsoil j = scurve( phsmoi, K X 1, j , K X 2, j , K X 3, j )

3.10.20

and:
phsmoi j =

ndeps

∑ rden
i =1

i, j

⎛ swi ⎞
⎟⎟
⎜⎜
⎝ FCi ⎠

3.10.21

j is pasture species
ndeps is number of soil layers
rdensi,j is root density/distribution within layer i for species j
swi is soil water (mm) in layer i
FCi is field capacity (mm) of layer i
KX1,j is minimum soil water deficit for species j
KX2,j is optimum soil water deficit for species j
KX3,j is curvature function for soil water deficit for species j

Water logging factor
The water logging net primary production limiting factor is defined by:

glfwtable j = ∑ π jm exp(− K W 3 j DIM (WFPS m , K W 4 j ,))
M

m =1

3.10.22

j is pasture species
l is sward age classes
m is soil layers
πjlm is proportion of root mass of species’ established/seedling which falls in
given soil layer (0-1)
WFPSm is water-filled pore space in each soil layer, estimated as the ratio
θ(m)/θSAT,m
KW3j is user-defined WFPS threshold for waterlogging
KW4j is user-defined curvature of growth limitation by waterlogging

Light interception factor
AL j =

1 − exp(− k j GLAI j )

∑ [1 − exp(− k

i

GLAI i )]

3.10.23

i
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where:

GLAI j = K I 1 j

2

∑ B( j, shoot, d )

native grasses

d =1

GLAIi = K I 1i

3

3

d =1

d =1

∑ B(i, shoot, d ) + K I 5i ∑ B(i, stem, d ) + K I 6i B(i, dead )

all species
3.10.24

d is digestibility class (immature and mature only)
KI1j is user-defined ratio of green area index to shoot weight
KI5j is user-defined ratio of green area index to stem weight
KI6j is user-defined ratio of green area index to dead and litter weight
GLAIj green area index of species’ established or seedling plants
Bmin is user-defined minimum live dry weight to avoid zero GLAI

Assimilate partitioning

The model allows a user to partitioning assimilate by either:
•
•

defined assimilate partitioning ratios, or
based on an adaptation from the SPUR model of Hanson et al. (1988), in which
each species has a genetically determined ‘target’ root:shoot ratio RStarg, which
typically declines through the developmental cycle.

User-defined partitioning ratios
Assimilate partitioning can be assigned by the user for any phenostage p whereby the
summed value is simply defined by:
Ap,all = Ap,shoot + Ap,stem + Ap,root + Ap,seed

3.10.25

An example of a user-defined partition ratio input table is summarised in Table 1. All
phenostage entries must sum to 1 to activate the user-defined portioning ratios. Failure
to sum to 1 for any phenostage will trigger assimilate partitioning based on an
adaptation of the SPUR model of Hanson et al. (1988) described below.

Table 1: Example of user-defined partition ratio input table.

Phenostage p
Vernalising
Vegetative
Reproductive
Flowering
Post-reproductive

Ashoot
0.9
0.9
0.1
0.1
0.9
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Astem
0.0
0.0
0.8
0.8
0.0

Aroot
0.1
0.1
0.1
0.1
0.1

Aseed
0.0
0.0
0.0
0.0
0.0
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Assimilate partitioning model
The partitioning model is as below, with Apl being the proportion of the net primary
productivity allocated to plant part p(root, shoot etc.).
Root:shoot partition

RS j =

B ( j , root )
Bmin

3.10.26

where:
3
⎛
⎞
Bmin = min⎜ 0.0001, ∑ (B ( j, shoot, d ) + (B ( j, stem, d ))) ⎟
d =1
⎝
⎠

3.10.27

Target root:shoot ratio

The target root:shoot ratio is variable during reproductive and flowering stages. It is
further assumed that no allocation occurs during the post-reproductive phase, unless
allocation occurs at a lower rate than during reproductive and flowering stages, as
defined by

RS t arg

⎧ K A1, j
⎪
= ⎨ K A1 j + ( K A2 j − K A1 j ) SIG ( DD j , 0, KV 6 j )
⎪0
⎩

vernalising and vegetative phases
reproductive and flowering phenostages
post − reproductive phase
3.10.28

KA1j is user-defined target root:shoot ratio during vegetative growth
KA2j is user-defined target root:shoot after flowering
KV6j is user-defined degree-day sum for commencement of flowering (°days)

Productivity allocated to seed production

Aseed

FI j
⎧
⎪ K A3 j
KV 7 j
=⎨
⎪0
⎩

flowering phase and DF j > FI j
otherwise

3.10.29

KA3j is user-defined maximum allocation to reproductive structure
KV7j is user-defined maximum length of flowering period
FIj is flowering index of species j
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Productivity allocated to seedlings

For seedling components the following equations are computed separately using the
root:shoot ratio and RStarg = KA1j (target root:shoot ratio during vegetative growth):
Ashoot = (1 − Aseed )

RS
3.10.30

RS + RS t2arg

RS is root:shoot partition ratio [0,1]
RStarg is target root:shoot ratio [0,1]

Productivity allocated to roots

The productivity allocated to roots is simply the amount remaining after allocation to
shoot and seed (not explicitly modelled), as defined by:
Aroot = 1− ( Ashoot + Aseed )

3.10.31

Remobilisation of root reserves

Remobilisation of dry matter stored below ground can occur when the sum of the
immature and mature shoot pools is less than a user-defined threshold, and growth
conditions are favourable. Remobilisation occurs when:
2

∑ B( j, shoot , d ) ≤ K
d =1

U 1, j

3.10.32

where KU1j is user-defined live biomass threshold for remobilisation for underground
reserves. If remobilisation is occurring, then the amount is calculated by the equation
below.
⎧ K U 2 j B ( j , root )
Uj =⎨
⎩0

min( glftemp j , glfsoil j , glfwtable j ) > K U 3 j
otherwise

3.10.33

KU2j is user-defined relative rate of remobilisation (day-1)
KU3j is user-defined threshold growth-limiting factor for remobilisation for
underground reserves
glftemp is temperature growth-limiting factor
glfsoil is soil moisture growth-limiting factor
glfwtable is waterlogging growth-limiting factor
The remobilised material is treated as if it were the new assimilation in the model.
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Decay
Several forms of decay processes contribute to the death of plant tissue and the
consequential allocation of digestibility. The reduction of green tissue, root material
standing dead material and herbage can be described as a function of delta and
calculated accordingly.
Green tissue decay (live/senescent)

Tissue decay arising from frost impacts on all pools.
⎧⎪ ΔF j
ΔFrost j = ⎨
⎪⎩ ΔF j + K D1, j
3.10.34

d = 1(immature)
d = 2 and 3 (mature and senescing)

KD1j is user-defined death rate between immature and mature tissue pools (day-1)
during frost events
ΔFj is function, defined by:
⎧SIG (Tmin − 2.2 + FH j , K D 2, j , K D 3, j )
ΔF j = ⎨
⎩0

Tmin ≤ 2.2
Tmin > 2.2

3.10.35

KD2j is user-defined temperature parameter for 5% mortality at first frost (°C)
KD3j is user-defined temperature parameter for 95% mortality at first frost (°C)
FHj is frost-hardening index
Tmin is minimum temperature (°C)

FH j

t + Δt

⎧⎪ FH j t + K D 4 j
=⎨
t
⎪⎩ FH j

Tmin ≤ 2.2
Tmin > 2.2

3.10.36

and KD4j is user-defined frost hardening factor (°C). The frost hardening index
decreases the effect of subsequent frosts. Figures 4 and 5 show the live tissue mortality
response curve and relative sensitivity for various values of KD4.
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Figure 4 Day 1 assuming KD4 = 2 oC day-1, KD2 = -3 oC and KD3= -11 oC.
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Figure 5 Day 1 assuming KD4 = 1 oC day-1, KD2= -3 oC and KD3= -11 oC.

Root material decay

Root material loss includes both root death and root respiration. It is equated simply
with the lagged air temperature replacing soil temperature, as it is a temperaturedependant process.
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Δ root

⎧
⎞
⎛ Q10(Tlag , K R1 j , K R 2 j )
⎟
⎜
⎪
3
⎟
⎜
⎪max
(
B ( j , shoot , d ) + B( j , stem, d )) ⎟ post − reproductive phase
∑
⎜
⎪
⎟⎟
⎜⎜1 − K A 2 j d =1
⎪
B( j , root )
=⎨
⎠
⎝
⎪
⎪
⎪
⎪Q10(T , K , K )
elsetimes
lag
R1 j
R2 j
⎩
3.10.37

Δroot is fractional loss of root material [0-1]
Tlag is lagged mean air temperature (°C)
KR1j is user-defined specific root loss rate at 10°C (day-1)
KR2j is user-defined Q10 for root loss
KA2j is user-defined target root:shoot ratio after flowering
Q10 is exponential function

Standing dead material decay

The rate of fall of standing dead and litter material into the null pool is modelled as a
function of rainfall and trampling.
Δ Trampling = K F 1 p , j (1 − exp( − K F 2 p , j P ) ) + K F 3 p , j SR

3.10.38

KF1pj is user-defined maximum specific rate of fall of standing dead due to
precipitation day-1)
KF2j is user-defined curvature of relationship between fall rate and precipitation
(mm-1)
KF3j is user-defined specific rate of fall of standing dead due to trampling (day-1)
SR is stocking rate [DSE]
Allocation

The reduction of above-ground biomass by the process of decay movements of plant
tissue between compartments is based on simple rate functions, as described below.
The total above-ground structural biomass is divided into four categories, namely:
•
•
•
•

growing leaves and stem: weight W1
first fully expanded leaves and stem: weight W2
senescing leaves and stem: weight W3
standing dead leaves and stem: weight W4

The total structural weight (WG) is therefore:
WG = W1 + W2 + W3 + W4

3.10.39

All components of weight have units of kg nutrient (C, N, P and K) m-2.
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Figure 6 shows the schematic representation of the model.

Net Primary Production
NPP

Roots

Shoots
0.7 NPP

0.3 NPP

Immature shoots (W1)

Immature stems (W1)

γ1W1

γ1W1

Mature shoots (W2)

Mature stems (W2)

γ2W2

γ2W2

Senescing shoots (W3)

Senescing stems (W3)

γ3W3

γ3W3
Dead and Litter
(W4)

Harvest

γ4W4
Null

Figure 6 Schematic representation of the CSU Native Pasture Model. Crop weights (Wi,i =1,4) are
in carbon units.

The sward growth model assumes that nutrient mass is transferred between the four
conceptual compartments. The flux of material between compartments from W1 to W2,
W2 to W3, W3 to W4, and W4 to null, is determined by user-defined values, γ1, γ2, γ3 and
γ4 respectively. These values are proportionate to the amount of biomass in their
respective pools multiplied by the minimum effect of temperature and soil moisture.
Typically, the weight of the average leaf passing from W1 to W2 is assumed to be
considerably greater than the average leaf weight in W1, as this compartment comprises
growing leaves. As such, the rate constant between compartments W1 to W2 (γ1) is
assumed to be approximately twice that applied between compartments W2 and W3, and
between W3 and W4. The flux of material between compartments can therefore be
described by:
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∂ W1
= G −γ 1W1
∂t
∂ W2
= γ 1W1 −γ 2W2
∂t
∂ W3
=γ 2W2 −γ 3W3
∂t
∂ W4
=γ 3W3 −γ 4W4
∂t

3.10.40

G is rate of synthesis of new structural material. The transfer of biomass between each
pool is summarised below, noting that the rate coefficients are modified daily based on
temperature and soil moisture, as described below.
All rate parameters are assumed to increase with increasing temperature and decreasing
available soil moisture.

γ i , j = γ BASE ,i , j ( glftemp j + glfmult j )

3.10.41

γi,j is decay rate from pool i for species j
γBASE,i,j is base decay rate from pool i for species j

glftempj is growth limitation due to temperature for species j
glfmultj is multiplier for growth limitations in species j due to available soil
moisture
Other influences that affect the rate parameters, such as day length, irradiance or storage
to structure ratio, have not been considered.
The temperature response is similar to that adopted throughout the rest of the model
with the exception that rate parameters do not decrease when temperature exceeds the
nominated optimum temperature. The general temperature response function is shown
in Figure 7 and is defined by:
f (T ) =

(T

(T −T

min, j

optimum , j − Tmin, j

) (T
) (T
q

mx , j

q

−T

)

mx , j − Toptimum , j

)

3.10.42

Toptimum,j is optimum temperature and q is scalar. Cardinal temperatures Tmin,j and Tmx,j
are defined by:
Tmx , j =

( 1 − q )Toptimum, j − Tmin, j
q
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Figure 7 CSU Native Pasture Model rate parameters temperature response curve (A=Tmin,
B=Toptimum).

The growth limitation response for temperatures (glftempj) is therefore defined by:
glftemp j = scurve (T , K T 5, j , K T 6, j , K T 7, j )

3.10.44

T is average daily temperature
KT5,j is minimum temperature for tissue transfer between pools in species j
KT6,j is optimum soil temperature for tissue transfer between pools species j
KT7,j is curvature function for temperature for tissue transfer between pools in
species j
The growth limitation due to decreasing available soil moisture is defined by:

[

]

glfmult j =1 + (K X 4, j − 1)(1 − glfsoil j )

3.10.45

KX4,j is multiplier to increase tissue transfer rates between pools in species j
glfsoilj is growth limitation due to soil moisture, as defined in Equation 3.10.20.

Immature pools (shoots & stems)
Herbage mass loss from immature shoot and stem pools is defined by:
B ( j , shoot / stem,1)

t + Δt

= B( j , shoot / stem,1) −
t

γ 1 B( j , shoot / stem,1)t −
ΔFrost j ,1 B( j , shoot / stem,1)

t
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During vernalisation and vegetative phases, NPP is allocated to the immature shoot
tissue pool, as defined by:
B( j , shoot ,1)

t + Δt

B( j , stem,1)

t + Δt

= B( j , shoot ,1)

t + Δt

= B( j , stem,1)

t + Δt

+

⎧⎪ Fac shoot ( NPP + U )
⎨
⎪⎩ A p , shoot ( NPP + U )

⎧⎪1 − Fac shoot (NPP + U )
+⎨
⎪⎩ A p , stem ( NPP + U )

A p ,all ≠ 1

3.10.47

A p ,all = 1

A p ,all ≠ 1

3.10.48

A p ,all =1

whereas during reproductive and flowering phases, NPP is allocated to the immature
stem tissue pool, as defined by:

B( j, stem,1)

t + Δt

= B( j, stem,1)

t + Δt

3
⎧
⎛
t ⎞
⎪min⎜ Ashoot NPP , K A4, j ∑ B( j, stem, d ) ⎟
+⎨
d =1
⎠
⎝
⎪A
⎩ p,stem NPP

Ap ,all ≠1
Ap,all =1
3.10.49

and during the post-reproductive phase, NPP is allocated to immature shoots, defined
by:
B( j, shoot,1)

t + Δt

= B( j, shoot,1)

t + Δt

3
⎧ ⎛
t ⎞
min
A
NPP
,
K
⎜
⎪
shoot
A5, j ∑ B( j, shoot, d ) ⎟
+⎨ ⎝
d =1
⎠
⎪A
⎩ p,shoot NPP

Ap,all ≠1
Ap,all =1
3.10.50

j is pasture species
Facshoot is user-defined proportion allocated to shoots
Ashoot is proportion of net primary production allocated to shoots
NPP is net primary production of (established/seedling) plants
KA4,,j is user-defined maximum relative growth rate of shoots during
reproductive and flowering phenostages
KA5,j is user-defined maximum relative growth rate of shoots during postreproductive phenostage
U is root reserve remobilisation
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Mature pools (shoots and stems)
B( j, shoot / stem,2 )

t + Δt

= B( j , shoot / stem,2 ) +
t

γ 1 B( j , shoot / stem,1)t −
γ 2 B( j , shoot / stem,2)t −
ΔFrost j , 2 B( j , shoot / stem,2)

t

3.10.51

Senescence pools (shoots and stems)
B( j, shoot / stem,3)

t + Δt

= B( j , shoot / stem,3) +
t

γ 2 B( j , shoot / stem,2)t −

3.10.52

γ 3 B( j , shoot / stem,3)t −
ΔFrost j ,3 B( j , shoot / stem,3)

t

Dead & litter pool
B( j , dead )

t + Δt

= B( j , dead ) +
t

γ 3 B( j, shoot / stem,3)t −

3.10.53

γ 4 B( j , dead )t −
Δ Trampling B( j , dead )

t

Null pool
B(NULL )

t + Δt

= B( NULL ) +
t

γ 4 B( j, dead )t +
t

3

∑ ΔFrost
d =1

j ,d

B( j , shoot / stem, d ) +

Δ Trampling B( j , dead )

t

3.10.54

NULL is null plant tissue pool

Root pool
B ( j , root )

t + Δt

= (1 − Δ root ) B( j , root ) + λmass
t

3.10.55

where:
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⎧min (Aroot NPP , K A6 B( j , root ))
⎪
λmass = ⎨
⎪ A ( NPP + U ) − U
⎩ root

post − reproductive phase
otherwise

3.10.56

Aroot is proportion of net primary production allocated to roots
NPP is net primary production of (established/seedling) plants
∆root is rate of loss of root material
KA6,j is user-defined maximum relative growth rate of roots during postreproductive phase
U is root reserve remobilisation

Mass removal due to harvesting, livestock or trial cuts
The user can nominate the date (day, month and year) of an event that removes herbage
mass. Herbage mass is removed form sward shoots, stems and dead tissue stores, to a
user-defined biomass level. The amount of biomass removed from each tissue pool is
proportionate to their relative amounts prior to harvest.

Appendix III. NPM technical manual

286

