Lucerne Performance on Duplex Soil under
Mediterranean Climate: Field Measurement and
Simulation Modelling

A thesis submitted

by

Muhammad Shafiq Zahid

As fulfilment of the requirements of the degree

of

Doctor of Philosophy

Soil and Land Systems
(Formerly Department of Agronomy and Farming Systems)
The University of Adelaide, Australia

February 2009



1



Table of Contents

TABLE OF CONTENTS ..o, I
ABSTRACT ... vl
DECLARATION. ... .o IX
ACKNOWLEDGEMENTS. ... e, X
LIST OF ABBREVIATIONS. ..., XI
LIST OF FIGURES. ..., Xl
LIST OF TABLES. ... XvIl
1 GENERAL INTRODUCTION....c.ciitiiiitiiriiiieiiiieiiincietetasiessesecacsscacsssasone 1
2 LITERATURE REVIEW.....ceitiiiiiiiiiiiiiiiiiiiieiitiiiteiiriesnesesasiesacsssacsssaces .6
2.1 INTRODUCTION.. ...t 6
2.2 GROWTH, DEVELOPMENT AND WATER USE OF LUCERNE........................ 6
221 GROWTH. ..o 7
222 DEVELOPMENT ... .o 8
223 WATER-YIELD RELATIONSHIPS INLUCERNE. ... 9
224  YIELD COMPONENTS OF LUCERNE.......c.cooiiiiiii e 13
225 ROOT GROWTH. ... ..o, 18
2.3 LUCERNE SOIL-WATER BALANCE. ... ..o 22
2.3.1 DEEP DRAINAGE AND GROUNDWATER RECHARGE UNDER LUCERNE.....22
2.3.2 EVAPOTRANSPIRATION FROM LUCERNE STANDS.........cccooiiiiiiiiii, 23
2.3.3  WATER USE EFFICIENCY OF LUCERNE........c.ccoiiiiiie 25
2.4 LUCERNE AND THE N CYCLE. ..ottt 27
241 LUCERNE N2 FIXATION. .. ..ottt e 27
2.4.2 SOIL NITROGEN FERTILITY FOR LUCERNE PASTURE SYSTEMS............... 31
2.5 AGRONOMIC MANAGEMENT OF LUCERNE...........c.ocooiii, 33
2.5.1  DEFOLIATION. ..ottt e, 34
252 IRRIGATION. ... e 38
2.6 SIMULATION OF GROWTH, DEVELOPMENT AND WATER USE IN

LUCERNE ... e 42
2.6.1 SIMULATION MODELLING......ccciiiiiiiiiiiii e, 42
2.6.2 HISTORY OF GROWTH MODELLING INLUCERNE...............ccoiiiiiiii. 43
2.6.3 APSIM (AGRICULTURE PRODUCTION SYSTEM SIMULATOR).................. 43
2.7 SUMMARY .., 46
3 SEASONAL SHOOT AND ROOT PRODUCTIVITY IN LUCERNE UNDER

SEMI-ARID MEDITERRANEAN CLIMATIC CONDITIONS IN RESPONSE

TO VARYING WATER SUPPLY DURING SUMMER.....cccceiiviiiiiiiininnnnnnn. 47
3.1 INTRODUCTION.. ...t 47
3.2 MATERIALS AND METHODS. ... 49
3.2.1 EXPERIMENTAL SITE - CLIMATE AND SOIL DETAILS...........cccooiiiiiii.n 49
322 TREATMENTS AND DESIGN. ..ottt 51
3.23 PLANT MEASUREMENTS. .. ..o 55
3.24 SHOOT DRY MATTER AND GROWTH RATE DETERMINATION..................56
325 ROOT MEASUREMENT ... 58
3.2.6 TOTAL NON-STRUCTURAL CARBOHYDRATES (TNC) ESTIMATION...........58
3.2.7 PHYLLOCHRON DETERMINATION........coiiiiiiiiiiie i 58
3.2.8 RADIATION USE EFFICIENCY ESTIMATION (RUESH0OT) -+ - c-vuveverenininianennn. 59
3.2.9 STATISTICAL ANALYSIS. ..o, 59
33 RE UL T S e 60
3.3.1 CLIMATE DATA 1999-2001.....c.oiiiii e 60

i1



332
333
334
34
34.1
342
3421
343
3.5

4.1

4.2

4.2.1
422
423
424
4.2.5
4.2.6
4.2.7
4.2.8

4.2.9
43

4.3.1
432
433
434
4.3.5
4.3.6
4.3.7
4.3.8

4.4
4.4.1

442
443
444

445

44.6
4.4.7

4.5

LUCERNE SHOOT PRODUCTIVITY AND GROWTH COMPONENTS............. 63

ROOT BIOMASS ..o 78
TOTAL NON-STRUCTURAL CARBOHYDRATES (TNC)......ccccovviiiiiiiinnn. &5
DISCUSSION.. ... e 86
LUCERNE DRY MATTER YIELD AND YIELD COMPONENTS..................... 86
LUCERNE ROOTS. ... 92
ROOT:SHOOT RATIO. ...t 94
TOTAL NON-STRUCTURAL CARBOHYDRATES (TNC)......ccccooviiiiiiiinnn. 95
CONCLUSION.. ... e, 96
WATER USE AND WATER USE EFFICIENCY OF LUCERNE ON A DUPLEX

SOIL UNDER SEMI-ARID MEDITERRANEAN CLIMATIC CONDITIONS IN

RESPONSE TO VARYING WATER SUPPLY DURING SUMMER............... 97
INTRODUCTION. ...ttt et 97
MATERIALS AND METHODS..........eeeteeeeee e 98
EXPERIMENTAL SITE - CLIMATE, SOIL, TREATMENTS AND DESIGN.........98
SOIL BULK DENSITY, TOTAL POROSITY AND SATURATION.................... 98
SOIL WATER CONTENT (SWC) MEASUREMENT ..........cooveiiioeeeeeeneenn, 99
PLANT AVAILABLE WATER CONTENT (PAWC)... ..o eeeeeeeeeeeeeeeeeeei 100
EVAPOTRANSPIRATION (ET)......uviuveeeeeeeeeeeee oo, 101
SOIL EVAPORATION.......uit ettt e, 102
DRAINAGE. ...ttt 102
WATER USE EFFICIENCY (WUE, WUEy) AND TRANSPIRATION

EFFICIENCY (TE)..... ettt e 103
STATISTICAL ANALYSIS. ... ueeeeeeeoee oo 103
RESULTS ...ttt e e, 104
CLIMATE ...t e, 104
SOIL PHYSICAL CHARACTERISTICS........veeeeeeeeeeeeee oo 105
SOIL WATER CONTENT (SWC) TO ROOTING DEPTH (0-1800 MM)............. 106
PLANT AVAILABLE WATER CONTENT (PAWC)......eevveeeeeeeeeeeeei. 110
EVAPOTRANSPIRATION (ET)......eveeeeeeeeeeseeee e, 112
SOIL EVAPORATION.........uutiiieeeee e 114
DRAINAGE ...ttt 117
WATER USE EFFICIENCY WUE, WUEy AND TRANSPIRATION

EFFICIENCY ...t 118
DISCUSSION. ...t 121
THE DUPLEX CALCAREOUS RED CHROMOSOL AT ROSEWORTHY

STORED WATER IN THE 600-1800 MM SOIL PROFILE..............cc.cccvvn.... 121
LUCERNE, IN THE ROSEWORTHY ENVIRONMENT, WAS ABLE TO

DRY THE SOIL PROFILE TO 1800 MM........c.viivtioeeeeeeeeeeeeeeeeeeeeeeeee 121
IRRIGATED LUCERNE IN THIS ENVIRONMENT ALSO EXTRACTED

WATER TO 1800 MM.......eeoueeieeeeeeeeee e, 122
ACTUAL ET DRIVEN BY STORED SOIL MOISTURE USE IN THIS
ENVIRONMENT. ...ttt e, 123

POTENTIAL ET IN THIS ENVIRONMENT WAS CONSISTENTLY
GREATER THAN ACTUAL ET UNDER RAINFED CONDITIONS BUT NOT

NECESSARILY UNDER IRRIGATION......cociiiiiiiiiiiiiiieeeee 124
DRAINAGE BELOW THE EFFECTIVE ROOTING DEPTH OF 1.8 M WAS
NEGLIGIBLE EVEN UNDER IRRIGATION........c.cccoiiiiiiiii i 125
WUE WAS LOWEST UNDER RAINFED CONDITIONS AND INCREASED UNDER
IRRIGATION. ...ttt e 125
CONCLUSION.. ... e 128

v



5.1
52
5.2.1
522
523

524
5.2.5
53

5.3.1
532

533
534

535
54

5.4.1
542
543
544

5.4.5
5.5

6.1
6.2
6.2.1
6.2.2
6.2.3
6.3
6.3.1
6.3.2
6.3.3
6.3.4
6.4
6.4.1
6.4.2
6.4.3
6.5

7.1
7.2

7.3

SOIL-PLANT N DYNAMICS FOR LUCERNE ON A DUPLEX SOIL
UNDER SEMI-ARID MEDITERRANEAN CLIMATIC CONDITIONS &

RESPONSE TO VARYING WATER SUPPLY DURING SUMMER............. 129
INTRODUCTION. ..ottt 129
MATERIALS AND METHODS. ... .. ettt 130
EXPERIMENTAL SITE, CLIMATE AND SOIL DETAILS......ovvevneeieieenn. . 130
SHOOT BIOMASS AND N ACCUMULATION......ouiuneitie e, 130
ESTIMATION OF DEPENDENCE ON N2 FIXATION (NDFA) AND

AMOUNT OF N FIXED.. ...ttt e, 130
SOIL MINERAL N MEASUREMENT . ...ttt 132
STATISTICAL ANALYSIS. . ..ottt 133
RESUL TS . ettt et e, 134
SHOOT N ACCUMULATION. . ...ttt 134
NITROGEN FIXATION. ... oottt e, 136
NATURAL ABUNDANCE (8'°N) OF REFERENCE SPECIES AND

LUCERNE . .. ettt e e, 136
RELATIONSHIPS BETWEEN SHOOT BIOMASS, N, FIXED, NDFA AND

WATER APPLIED/RECEIVED. .. ..ttt e, 141
SOIL MINERAL N ..ottt e, 143
DISCUSSION .. et 148
SEASONAL Ny FIXATION . .. .. ettt 148
PROPORTIONAL DEPENDENCE ON N, FIXATION.....ouiniieeieieeieeei 149
COMMENTS ON THE "N NATURAL ABUNDANCE METHOD.................... 151
RELATIONSHIP OF AMOUNTS OF N, FIXED TO GROWTH AND TOTAL
WATER USE . ..ottt 151
SOIL MINERAL N DYNAMICS UNDER LUCERNE. ... ...ccuviiiiisieiieeieenn, 152
CONCLUSION. ..t 154

EVALUATION OF THE PERFORMANCE OF APSIM-LUCERNE IN A

MEDITERRANEAN CLIMATE ON A DUPLEX SOIL.....ccccvveiutiiieiiennennn 155
INTRODUCTION. ...t 155
MATERIALS AND METHODS. ... 156
CLIMATE. .. e 156
INPUT DAT A 156
MODEL PARAMETERISATION. ..ot 157
RE S UL T S e 161
MODEL PARAMETERISATION.......ooiiiiiiiii e 161
MODEL PERFORMANCE. ...ttt 163
SOIL WATER . ... 174
NITROGEN. ...t 179
DISCUSSION.. ...t e 183
MODEL PERFORMANCE. ...ttt 184
SOIL WATER . ... 191
NITROGEN. ...ttt 194
CONCLUSION. ... e 197
GENERAL DISCUSSION...c.ttttitiitiiiiiitrititiiteiiteiarecsciesassesassssacsssases 198
INTRODUCTION.. ...t 198
PRODUCTIVITY OF RAINFED LUCERNE IN A SEMI-ARID

MEDITERRANEAN CLIMATE ON A DUPLEX SOIL...........cocooiiiiiiiinn.. 198
PRODUCTIVITY OF IRRIGATED LUCERNE IN A SEMI-ARID
MEDITERRANEAN CLIMATE ON A DUPLEX SOIL...........cocooiiiiiiinnnn. 201



7.4 APSIM EVALUATION. ...t 202

7.5 FUTURE RECOMMENDATIONS. ... ..o 204
APPENDICES. ... .c.oiiiiiiiiiiiiiiiiiiiiiiieiiiitiiiittitietietetatiesattssessasssssssssacsssassssasnss 206
8.1 APPENDIX A ..o 206
8.2 APPENDIX B...oiii 207
8.3 APPENDIX C..ooii 208
8.4 APPENDIX Dot 209
8.5 APPENDIX E. ..o 210
8.6 APPENDIX F. .o 211
8.7 APPENDIX G..ootoiniii e 212
8.8 APPENDIX H. ..ot 213
8.9 APPENDIX L. ..o 214
810  APPENDIX J. ..o 215
.11  APPENDIX K. .ot e 216
812 APPENDIX L. 217
8. 13  APPENDIX M. .. e 218
REFERENCES.....ctitiitiiiiiiitiiiiiiititiitieiitietetietactssacsssesssssssassssassssassssassnses 224

vi



Abstract

The experimental work reported in this thesis quantified the productivity of lucerne over
a two-year period (2000-2001) for a Mediterranean climate at Roseworthy in South
Australia (34°32'S, 138°45'E), and determined associated dynamics for water and
nitrogen in duplex soil. Shoot growth of dryland lucerne was limited primarily by the
pattern and amount of incident rainfall, but high temperature (30-35°C) also constrained
summer production. These high summer temperatures induced greater production when
irrigation was applied, but under the normally dry summer conditions high temperatures
combined with soil water deficit (up to 200mm) caused growth to cease. Thus, shoot dry
matter yield under rainfed conditions was 4.9 t ha™' in 2000 (from 7 harvests) and 1.8 t
ha™ in 2001 (from 5 harvests) whereas summer irrigation increased yield to 14.9 t ha™ in
2000 (7 harvests) and 7.1 t ha™ in 2001 (5 harvests). Under rainfed conditions the RUE
was 0.55 ¢ DM MJ"' PAR; compared with 1.08 g DM MJ™' PAR; in the irrigated
treatment in 2000, reducing to 0.4 ¢ DM MJ™ for the rainfed and 0.7 g DM MJ"' under
limited irrigation in 2001. Lucerne plant population declined from 69 to 20 (plants m™)
in the rainfed treatment and the plants partially compensated for this in 2000 by
increasing stem density from 300 to 400 m™ in 2000 although this declined back to 300
m~in 2001. In all treatments more than 70% of root biomass was in the top 40 cm soil,
this was partially due to the vertical distribution of plant available water but also to
subsoil constraints to root development below 0.6m. Nevertheless, lucerne was able to
extract water and nitrate to 1800 mm soil depth. Large amounts of irrigation (>400mm)
over summer (Dec 1999-Mar 2000) increased total soil water content, approaching the
drained upper limit; causing a 600% increase in shoot dry matter yield, similarly higher
growth rate (71 kg DM d™) and higher RUE (~1.7 ¢ DM MJ™ ), confirming that water
availability was the main constraint to lucerne growth. Delayed benefits of summer
irrigation, especially in the subsurface treatment, were also observed later (July to
October) when lucerne was able to scavenge excess irrigation water and nitrate stored in
the 600-1800 mm soil profile, which resulted in increased shoot growth. Drainage below
the effective rooting depth was negligible, even under irrigation, confirming that lucerne
can dry soil profiles and reduce deep drainage. Average annual water use efficiency was

9 kg DM ha™ mm™ under rainfed conditions compared to ~15 kg DM ha mm™ under

vil



irrigated conditions. Shoot dry mattter production was closely related to
evapotranspiration in all treatments, however, under rainfed conditions losses from
evaporation were proportionally higher compared to irrigated treatments. Sub-surface
drip irrigation proved superior to surface irrigation using 22% less water compared to
surface sprinkler irrigation treatment with comparable yields. Biological N, fixation was
strongly related to shoot production with 18 to 27 kg N fixed per tonne of shoot dry
matter across all seasons and treatments. Dependence on N, fixation appeared to be
unrelated to soil mineral N concentration and amounts of nitrate in the profile (to 1m)

were generally quite low (<35 kg N ha™).

Soil water dynamics under both rainfed and surface irrigated treatments were adequately
simulated by the Agricultural Production System Simulator (APSIM) with RMSD < 10%
of the observed means and R? > 0.80 for the total soil profile (0-2000 mm). Simulation
of growth and development was less satisfactory. For example, the RMSD was ~50% of
observed mean for shoot biomass (R* = 0.68) in the rainfed treatment, and 36% (R* =
0.77) in the irrigated treatment. Overall, simulation of shoot DM production was close
to observed values during the growing season (Apr-Nov), however the model was unable
to capture the observed shoot yield in response to summer irrigation, with simulated
shoot DM 40% less than the observed value in 2000 and 35% less in 2001. N dynamics
were poorly simulated under these soil and climate conditions. Amounts of soil mineral
nitrogen (kg NO3 -N ha') were adequately simulated in rainfed conditions but
consistently over-predicted under irrigated conditions. This evaluation of APSIM
highlights both good and poor model performance and the analysis indicates the need for
caution when applying the model in situations where observed data is scarce. Areas
requiring improvements to the model are identified.

Overall this research has improved understanding of the limitations to potential
production of lucerne in a Mediterranean environment on duplex soils and shown that
APSIM-Lucerne can be used confidently for many applications, particularly soil-water

dynamics.
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