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Abstract 

Rice (Oryza sativa L.) is the staple food of subsistence farmers in the vast areas of Ultisols 

and Oxisols of the tropical and subtropical rainfed uplands and lowlands. Phosphorus (P) 

deficiency and soil acidity commonly constrain yields. Phosphorus fertiliser is considered an 

expensive input, and must therefore be used efficiently. The objective of this thesis was to 

investigate fertiliser strategies and plant mechanisms that could enhance the uptake 

efficiency ofP by aerobically grown rice. The long-term aim of understanding rice P-uptake 

mechanisms is that such research will help in developing P-efficient rice varieties. 

In acid soils, aluminium (Al) toxicity restricts root growth and therefore limits P uptake. A 

bioassay was developed as a basis to compare two techniques for assessing concentrations 

of phytotoxic Al. It was found that Al in soil solution extracted by centrifugation correlated 

better with rice root extension than Al extracted in 0.02 M CaCb. Aluminium toxicity was 

found not to restrict root growth ( hence P uptake) in the Philippines Ultisol ( Cavinti soil) 

used in later experiments. 

Experiments investigating the effect of different fertiliser management practices, showed 

that banding of fertiliser P, as opposed to incorporating P fertiliser throughout the soil, 

enhanced the availability ofP to rice grown in the high P-fixing Cavinti soiL The practice of 

applying green manure with reactive phosphate rock (RPR) decreased the dissolution of 

RPR because mineralisation of green manure nitrogen increased the soil pH. 

Aerobically grown rice exhibited a number of mechanisms that would enhance P uptake: 

rhizosphere acidification, localised proliferation of fine roots in P-rich zones, and 

association with mycorrhizae. Mathematical modelling indicated that upland rice must be 

able to release solubilising agents, e.g. organic anions, in order to explain the observed P 

uptake in banded, moderately fertilised soil. By extracting soil fertilised at different P rates 

with citrate solutions, it was found that more P was extracted, per mole of citrate added, 

from highly fertilised soil. This indicated that there would be a positive interaction between 

banding fertiliser P and solubilisation by organic anions. Initial extraction, storage and 

detection methods were unable to identifY significant quantities of organic acids in the 

rhizosphere of aerobically grown rice. Better methods for extracting organic anions from 

soil were developed, and improved procedures for studying the mechanisms of plant 

induced changes in the rhizosphere are proposed. 



11 

Acknowlegdements 

I am extremely grateful to both of my supervisors, Assoc. Prof Mike Hedley (Massey 

University) and Dr. Guy Kirk (The International Rice Research Institute (IRRI» , for their 

guidance, encouragement, helpful suggestions, and the example they set in their work habits 

and way of relating to their colleagues and students. 

I would also like to express my gratitude to :  

=> Massey University, for a Massey University Scholarship to cover my living expenses. 

The Rainfed Rice Programme (RL2), IRRI, for financing my research. The C. Alma 

Baker Trust, for providing funds for air travel to the Philippines. 

=> Rene Carandang, Erma Lallana, Marie Santos, Celina Torres, Alona Umali and Joy 

Guingab ( SWSO, IRRI), and Bob Toes and Ian Furkert (INR, Massey University), for 

help with my laboratory work. Thanks to the rest of the group from SWSD for help with 

doing dishes, borrowing solutions (thanks Arlene Adviento), and advice on how to use 

equipment . Thanks GIo Gamat for being my 'information agent' at IRRI, when I was 

back in N ew Zealand. Thanks also to my postgrad. friends for computer help (especially 

Bhupinder-Pal S ingh), and to my proof-readers. 

=> those who have helped me with technical skill s :  Mrs. Rowena Oane for freehand 

sectioning 70 jl.m roots(l) and Or. Shailendra Saxena for help with the mycorrhizaJ 

staining. 

=> Or. Donald Puckeridge (IRRI), for helpful discussion regarding the root penetration of 

the mesh, and Dr. Harry Percival (Landcare Research), regarding the solution chemistry 

of metal-citrate complexes. 

=> God, my family, and friends both in New Zealand and the Philippines, for their support 

and encouragement. 



iii 

Table of contents 

Abstract ............................................................................................................................ i 
Acknowledgements .......................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............... i i  
Table of contents ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i i i  
List of figures ... . . . . . ............................... . . . . . . ............ . . . . . . . . . . . . . . . . . . .. . . . . . . . .. . . . . . . . . . . . . .. . . . . . . . . . . . . .  ix 
List of tables ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ........................ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .............. xiv 
List of symbols ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .  xvi 

1. INTRODUCTION. SOIL CONSTRAINTS TO RAINFED RICE PRODUCTION AND 
STRATEGIES TO OVERCOME THEM, WITH EMPHASIS ON PHOSPHATE SUPPLy ................ 1 

1.1 THE NEED TO INCREASE PRODUCTION OF RICE... 

1.1.1 The jour main agro-ecosystems that produce the world's rice .. 
l. l. II Irrigated .. 
I. I 1.2 Rainfed lowland. 
1.1.1.3 Up land . . .  
I .  I . 1.4 DeepwaterlFlood-prone ... 

1. 1.2 The need to increase the production o/rain/ed iOlrland and up/and rice . . 

1.2 MAIN FACTORS LIMITING THE YIELD OF RAIN FED AND UPLAND RICE .. 

1.3 SOIL-RELATED CONSTRAINTS TO RAlNFED AND UPLAND RICE PRODUCTION. 

1.3.1 Acidityrelatedproblems ....... ..... ... .  . . .. . . . .... ... ... . 
1.3.1.1 Soil acidity and processes of soil acidification . . .  
1.3.1.2 pH butfering reactions in acid soils ... 
1.3.1.3 Aciditv related toxicities . . 

1.3.2 Low available P and high P-jixation capacity ... 
1.3.2.1 Phosphorus availability in upland soils .. 

1.3.2.2 Phosphorus availability in flooded soils .. 
1.3.3 Nitrogen deficiency ................ .. 

1.3A DefiCiencies o(oci1er nutrients .. . . 

. ............. .... 1 

? . . .. ... . . . , .. . -
. .... . 2 

· . 3  

. .. 3 

. ...... 3 

. ...... -1-
. . . . . . 5 

.. ............. 6 
.. .......... ......... 6 

. ...... 6 

. ... .... 9 

. .... 10 

.. .......... 12 

. .. 12 

· 13 
14 

. ..... 14 
1.3.5 Poor physical properties .. . . ... . .... .. . .. .. .. . ..... . .. . ...... 15 

. 16 
. .. 16 

. ..... 16 

· 18 

lA STRATEGIES TO OVERCOME SOIL CONSTRAINTS TO RICE PRODUCTION (EXCEPT P DEFICIENCY) 

1A.1 Fertiliser use. 
1.4.1.1 Amelioration of acidity .. 
1.4.1.2 Correction ofN deficiency .. 

1.4.1.3 Low basic cations, trace element deficiencies .... 
14. 1.4 Poor physical properties ... 

1. 4. 2 OrganiC amendments 
1.4.2.1 Acidity ... 
1.4.22 Nitrogen deficiency . ' 
1.4.2.3 Deficiencies of S, basic cations. and trace elements 
14.2.4 Poor physical properties ..... 

1A.3 Plant breeding strategies to overcome soil constraints.. 
1.4.3.1 Acidity and Al tolerance . .. 
1.4.3.2 Nitrogen deliciencv 
1.4.3.3 Improving uptake of nutrients (other than N and p) 
1.4.3.4 Breeding plants to tolerate poor soil physical properties . . .. 

1.5 STRATEGIES TO OVERCOME P-RELATED CONSTRA1NTS TO RICE PRODUCTION .. 

i.5.i Fertiliser use _ _  . 

1.5.1.1 Management strategies to improve the etliciency of P fertiliser use by rice . .  
1.5.2 OrganiC amendments ................ . '" 
1.5.3 Breeding rice plants with an improved efficiency 0/ P lIse ... 

J .5.3. J Increasing intemal P elTicienC\ 
1.5.3.2 Increasing extemal P etliciencv . . 

J .5.3.2.1 Phosphorus-etTicient root structures. 
1.5.3.2.2 Manipulation of rhizosphere pH. 
\.5.3.2.3 Release of ch elating agents. 

1.5.3.2.4 ReIe<lse of phosphatase enzymes ... 
1.5.3.2.5 Association with mycorrhizal fungi ... 

. ... 19 
. ... .. ..... ........ 19 

..................... 19 

. .... 19 

..... 20 

. 20 

.. 20 

. 20 
20 

... .. 22 

23 

. 23 

. . .. 24 

.... ....... . .... 24 
. ... .. 24 

.. .. . 27 
.28 

28 

28 

29 

.. 29 

. ....... ..... 30 

38 

. ..... 39 



1.6 

IV 

1.5.3.3 Examples from rice breeding programs to date.. . ...... ... ......... ..... 40 

THE PURPOSE OF THIS THESIS .... ............ ...... ................. ...... . ... . . .............. .... ......... ....... . .... .. ....... . .. 41 

2. ASSESSING THE EFFECT OF AI ON RICE ROOT GROWTH ................................................. 43 

2.1 INTRODUCTION ... ...... ........ .... .. . ............. ...................... ...... . ..... . . . . ...... ......... . .......... .......... . ...... .... 43 

2.2 OBJECTIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

2.3 MATERIALS AND METHODS........................................... ......... . . ..................................... 46 

2.3.1 Experiment I: The influence of soil characteristics 011 extractable A / and root elongation .... ./6 
2.3.1.1 Soils. . ............. 46 

2.3.1.2 Preparation of root bioassay containers ... . ..... ... ................... 46 
2.3.1.3 Plants... . .. ...... . . ... . .. ...... .. . .... . ...... .. .... . . ........ . 47 

2.3.2 Experiment If: Evaluation of extraction methods and measuring techniques for determining 
the effect of A I on root elongation .. ............ . . .... . ... ............ ............. .. ......................................... ,/7 

2.3.2.1 Experiment Ha: The effect of pH on rice root elongation and the evaluation of 0.02 M CaCI2-
extractable Al to detect Al toxicity.... . .... 47 
2.3.2.2 Experiment lIb: A comparison of extraction procedures and measurement methods ... . ..... .. ... . ..... 48 

2.3.3 Experiment Ill: The effect of ferliliser amendment 011 soil Al concentration and root 
elongation................... .................. ............... ...... ..... .................. .......... . . ....................................... 49 
2.3.4 Experiment rv· Use of  the bioassay to evaluate root growth in 011 Ultisol from Cavint;, 
Philippines.................................... ........... ................. . ............... . .............................. 51 
2.3.5 Statistics ... ... . . .. ... ...... . . ..... . ..... . ... . .... .... . ................. .............................. 51 

2.4 RESULTS AND DISCUSSION . .......... ............... . ... ..... ....... . ............................. 51 
2.4.1 Experiment 1: The influence of soi I characteristics on root elongation . .... . ... . . .................... . .  51 
2.4.2 Experiment II: Evaluation of extractiol1l71ethods and measuring techniques for determining 
the effoct of Al on root elongation .. ........ ... .. .. . ... . .... .. .. . .... ... ......... . .... . ... . ..... . .. .... .... . . .. .......... .... ... ..... 53 

2.4.2.1 Experiment Ha: The effect of pH 011 rice root elongation and the evaluation of 0.02 M CaCh-
extractable Al to detect AI toxicity.... .. 53 
2.4.2.2 Experiment lIb: A comparison of ex1raction procedures and measurement methods... .. 58 

2.4.3 Experiment III: The effect of fertiliser amendment 011 soil AI concentration and root 
elongation .............. . ............... .. . ... . . . ...... ................ . , .......................................................................... 65 
2.4.4 Experiment IV: Use of the bioassay to evaluate root growth in an Ultisol from Covinti, 
Philippines....... .......... .................. ........ ........... ........... .. ....... .... ...... ............ . ................. 68 
2.4.5 General discussion.... ........................ ........ . ........... 69 

2.4.5. I Evaluation of the bioassay teclmique.... .. ... 69 
2.4.5.2 The use of high rates ofN fertiliser at sowing.. . .... 70 

2.5 CONCLUSIO!-;S......... .. ...... . . ...... ........... .... . ..................... .. ......................................... 70 

3. PHOSPHATE FERTILISER MANAGEMENT FOR RICE IN AEROBIC SOIL I. 

INTERACTIONS BETWEEN PHOSPHATE ROCK AND ORGANIC AMENDMENTS .................. 72 

3.1 I!-;TRODUCTION ................................................................... . . . . .... ................... 72 

3.2 OBJECTIVES............................................ ... ... . .... . .............. .... . . ........................................... 75 

3.3 MATERIALS AND METHODS.............................................. .. ............................................ 75 

3.3.1 Soil ......... .... .. ................................ ....... .... ............. . ........................ 75 
3.3.2 Amendments.... ......... ....... .................... .............. .. .......... . . ........ 76 

3.3.2.1 Phosphate rock. . .76 
3.3.2.2 Organic manures . . .. . . . ... ... ... ............ .. ... 76 

3.3.3 Treatments ......................... .. ................. 76 
3.3.4 Incubation study........ ... ........... ........ ............. .. ................... 77 
3.3.5 Rice growth experiment...... .. ................... 78 
3.3.6 Soil ana�ysis. ......... .......... .. . .................. ............. . ..................... 8 0  

3.3.6.1 Anunonium and nitrate.. . .. . 80 
3.3.6.2 Soil pH and P fractionation.... . .. ... ............. ................. 80 
3.3.6.3 Microbial P . .. ...... . .... . ... ... . 82 

3.3.7 Statistics .. ..... ............... ...... ...... ....... . ............. .... ...... .. .................. 82 
3.4 RESULTS AND DlSCUSSlON............................... . ..... .. ..... .. . .. .. ....................................... 83 

3.4.1 Incubation study. ............................. ...... 
. ........................... 83 

3.4.2 Rice growth experiment......................... ............ .. ... ....... .. ..................... 84 
3.4.2.1 Dry matter production and plant nitrogen status.. . .. .... 84 
3.4.2.2 The ability of organic amendments to supply adequate Nand P for the growth of aerobic rice.. .. .. 85 



v 

3.4.3 Liming or acidifYing efJects of the soil treatments . ...... . . . ....... ... ....... . ..... ..... . .. .. .... . .  87 
3.4.3.1 Bulk soil pH .. . .. . 87 

3 .4.3.2 Rhizosphere pH . . ..... 88 

3.4.4 Phosphorus jractionalion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88 
3.4.4.1 NaClrrEA-P plus Olsen P .. . . ..... 89 

3.4.4.2 I M NaOH-Pi... . ... 90 

3.4.4.3 I M NaOH-Po. . 90 

3.4.4.4 0.5 M H2S04-P. . ............ 93 

3.4.4.5 Residual P.. . .... 94 

3.4.4.6 Recovery of P . . ..... 95 

3.4.5 Soil microbial P... .......... ..... ..... ............ ..... ........ ....... ...... . ......................... , ... 95 

3.4.6 General discussion - the effect of green manure addition 011 RPR dissolution . . . . .. .... ... .. . ..... 98 
3.4.6.1 pH and Ca effect.. . . ............. . 98 
3.4.6.2 Other factors that may affect RPR dissolution. . .. ... 98 
3.4.6.3 Strategies for green manure and RPR use.. . ... 99 

3.5 CONCLUSIONS................................................. . . .. ....................... 100 

4. PHOSPHATE FERTILISER MANAGEMENT FOR RICE IN AEROBIC SOIL n. SOIL P 
SORPTION RELATIONS AND THE EFFECT OF FERTILISER BANDING .............................•... 101 

4.1 INTRODUCTION .......... ....................................... ........ ... . ........ .. ...................... 101 

4.2 OBJECTIVES................... ......... ......... ....... ............. ......... .. .............. . .......... ..................... 103 

4.3 METHOD............................................ .......................... . .................... 103 

4.3.1 Phosphate adsorption isotherm........................... . .............................. 104 

4.3.2 The efJect of increasing P addition on the P bufJer power. . . .......................... ]04 

4.3.3 Phosphate desorptiol1 by citrate.. . ....... ....... . . ......... . ..... .. ........................... ] 05 

4.4 RESULTS A,\,DDISCUSSION ........................................................ . ........................................ 106 

4.4.1 Phosphate adsorption isotherm and the implications for jCrtifiser application .. ... ....... ...... . 106 

4.4.2 The efJect of increasing P addition on the P bufJer power ... ... . .. ...... . . ...... ... .. .. . . . ....... . .. . .... . 108 

4.4. 3 Phosphate desorptiol1 by citrate........................................... .. ............................... J12 

4.4.3.1 Solution pH... . . .......... 112 

4.4.3.2 Distribution of citrate between the soil surface and solution.... . .. .... 112 

4.4.3.3 Amount ofP, Fe, Mn or AI dissolved by eitrate.. .. .. 113 

4.4.3.4 Mechanism of dissolution of AI, Fe and P by citrate.. .. .. 114 

4.4.3.5 TIle recovery of fertiliser P by citrate, and the implications for soil P solubilisation by citrate exuded 
from rice roots.. ......... ................ .. ............... 1 17 

4.4.3. 6  Enhanced dissolution ofF by an interaction between high soil P concentration and eitrate addition I 18 

4.5 CONCLUSIONS........................................................... . .......................................... 120 

5. STUDIES ON P UPTAKE MECHANISMS I OBSERVED AND CALCULATED UPTAKE IN 

BANDED AND INCORPORATED THIN LAYER SySTEMS .......................................................... 122 

5.1 INTRODUCTION ................................................................. .. ................................ 122 

5.1.1 P uptake efficiency mechanisms: llIovingjrol1l theory to practice . . . . .. ................ 1 22 

5.1. 2 lvfeans of identifYing P efficiency -justification for the methodology used ........... . .... . ....... . 123 

5.2 PRELIMINARY EXPER1ME�T ............................................. .. ................ ............ 124 

5.2.1 Objective of the preliminary experimel1l .... ............... . ............... 1 24 

5.2.2 lvfethod used for the preliminary experiment... .. . ...... ...... .. ............ 1 24 

5 2.2 1 SoiL. ..124 
5.2.2.2 The thin layer system.... .. .... 125 

5.2.2.3 Plants. .. .... 125 

5.2.3 Results af the preliminary experiment.... .. .......................... 127 

5.2.3.1 Plant growth... . ... 127 

5.2.4 Conclusions of the preliminary experimen{ ..... . ... .. ............ 1 29 

5.3 MA1N EXPERIMENT ....................... .... ...... ........ ..... .. ........... 130 

5.3.1 Objectives............................... .......... . ..... . . . . ...... . .. ................ ............. 130 

5.3.2 lvfaterials and methods .. . ... . .......... ..................... .. .................................. 130 

5.3.2.1 Preparation of thin layers . ... .. .... 130 

5.3.2.2 Plant grovvth system . .. .. ....... 130 

5.3.2.3 PlaIlt amlysis.. . . .. 131 

5.3.2.4 Soil analysis.... . ... 132 

5.3.2.5 Modelling P uptake. . .... 133 



vi 

5.3.2.6 Statistics . . .. . .. . .... .. .... 140 
5.4 RESULTS A.l'\lD DISCUSSION......... ....... . ......... . ................... . .......................... 140 

5.4.1 Plant growth ............................................... ' ...... . .... ............... .................................. 14 0 
5.4.2 Plant P concentratiol1.................................. . ......................................... 142 
5.4.3 Soil P concentration .............................................. ....................... .................................. 142 
5.4.4 Modelling P uptake in the absence o/solubilisation effects (Model]) ................... ......... .. ]43 

5.4.4.1 Discussion of parameters used in the model.. . .. ................ . ... 143 
5.4.4.2 Comparing P uptake predicted by the model with observed P uptake.. . ........ ...... . ..... 144 

5.4.5 Factors governing P uptake.. ............. . .................. .............. 145 
5.4.5.1 Water content.. ....... . ........ . ..145 
5.4.5.2 Mass flow... .. ........ 145 
5.4.5.3 Root studies . ...... ..146 
5.4.5.4 Mycorrhiza... . . ................ 148 
5.4.5.5 Release of organic anions (Model U).. . . .. ... 148 

5.5 CONCLUSIONS............ .................................... .............. .............. . .............. ................... 150 

6. THE EXTRACTION, STORAGE, AND ANALYSIS OF ORGANIC ACIDS FROM HIGHLY 

WEATHERED SOILS .......................................................................................................................... 151 
6.1 EXjRACTJON OF ORGAl',IC ACIDS ........ ..................... . . . ..................... . .. ................ 151 

6.1.1 1ntroduction .... ..... ... .... . ....... . ....................... ..... .. ............. . .......................... j 5 J 
6.1.2 Objective ................................... ................. .. ......... . . ........................... 153 
6.1.3 Afethod ............................................. ............. ................... ................ .......................... ]53 

6.1.3.1 Effectiveness of different e)\lractants ...... . ............ ..................... 153 
6.1.3.2 Effect of extractant concentration.. .. . ..... 154 
6.1.3.3 Refining the procedure.. ... J 54 

6.1.4 Results............................................ ................... ................... . .................. 155 
6.1.4.1 Comparing the effectiveness of different e)\lractants .. 
6.1.4.2 The effect of extractant concentration. 
6.1.4.3 Refining the procedure .......... . 

.155 
. ................ 157 

6.1.5 Discussion ................................... . ....... ................ . 
. ........................................ ..... 158 
.... .. . ....... ............. ......... ... 160 

6.2 STORAGE OF ORGANIC ACIDS ..................... .. 
62.1 Introduction ..................................... .. 
6.2.2 
6.2.3 

6.2.3.1 
6.2.3.2 

6.2.4 
6.2.4.1 

62.5 

Objectives ........................ .................... . 
lvfethod ............................. . 

The effect of acidification and freezing ... 
The effect of light.. 

Results ........................................ . 
Storage of organic acid samples .. . 

Discussion ................................. . 

. ................... 162 

. . ... ........................... 162 
........................ 163 

.. ............ ............ 163 
. ........ 163 

.................... 164 
...................... 165 

..165 
.. .......... ............................................. 167 

6.2.5.1 Storage of organic acid samples.... . ... 167 
6.2.5.2 Storage: the effect of light. . ............... 169 

6.3 Al\ALYSIS: THE EFFECT OF DIFFERENT IONS 01'\ THE MEASURED C01'\CE:.JTRATI01'\ /\.l\;D RETENTIOl\ 

TIME OF CITRA TE ................. . ................................................................ . .................................... 170 

6.3.1 Introduction........................ ................. ...... . .  . ........ 170 
6.3.2 Objective ......................... .. ......... .. ................. 171 
63.3 Method .............................. ................ ............... ....... .......... .. .................. 171 
6.3.4 Results.................. .................. . . ... ............ ..................... 171 
6.3.5 Discussion ....................... .. ............ ..... ................. . ................................... 171 

6.4 GENERAL DISCUSSIOl\ ON THE EXPERIMENTAL TECH:.JIQUE AS A :YIE;'u'\lS FOR DETERMINING THE ROLE 

OF ROOT RELEASED ORGANIC Ai"iIO:.JS IN P UPTAKE .... .. . .... .. ..... . ........ .......... ......................... 172 

6.5 CONCLUSIONS........... .............. ....... ........ ......... ...... . .................................. 173 

7. STUDIES ON P UPTAKE MECHANISMS n. FACTORS AFFECTING ROOT 

PENETRATION THROUGH FINE PORES ....................................................................................... 174 
7.0 Il\TRODUCTI01'\.. ...... ................. .. ........ ....... . 

7 .1 PART 1: THE SECOND THIN LAYER EXPERIME:--:T . 

7.1.1 Objectives .......................... ................... . 
7.1.2 ;\'laterials and methods .. . 

7.1.2.1 Soil 

............ 174 
....................... ...... l74 

.. ................ 174 
. ......... 174 

......... ........ 174 



vii 

7.1.2.2 Plant growth... ..... ........ . . ........ 175 

7.1.2.3 Measurements ... .175 

7.J.3 Results............. . ............ ...................... . ......................... ... .................. 175 

7.1.3.1 Gro"th and P uptake....... . ... 175 

7.1. 3.2 Microscopic examination of roots.... .. .. .177 

7.1.4 Discussion .............................................. ..................... ............................ 178 

7.2 PART II: INVESTlGATING WHY THE ROOT HAIRS PENETRATED THE NYLON MESH ...... .................... 179 

7.2.1 Objectives................................. ........... . . ................................. 179 

7.2.2 Materials and methods . . .. . . . . . ... . .. .. . . . . . . . . ........ . . . . . . . .  . .. ...................... ....... 179 

7.2.3 Results and discussion....... . . ... ........ 181 

7.3 CONCLUSIONS.. .... ......................... ........ . .................................. 185 

8. STUDIES ON P UPTAKE MECHANISMS Ill. THE EFFECT OF MYCORRHIZAL 

INFECTION ......................................................................................................................................... 186 
8.1 INTRODUCTIO]\; ....... .... .......... ... ..... .. . .. . ....... ... . ............. ..................... 186 

8.2 OBJECTlVE..................................................................... . . ................................... 186 

8.3 MATERIALS A]\;D METHODS....... ..... .... .... ........... . . .. ................................. 186 

8.4 REsuLTs...................................................................................... . ................................. 187 

8.4.1 Plant dry weigh!..................................... . .. ............. .. . ..................... 187 

8.4.2 Phosphorus uptake. .. ................ .......................... . ..................... ............ 188 

8.4. 3 Alycorrhizal infection............... ......................... . .. . .. ...... . . . .................... 190 

8.5 DISCUSSION .................................................................. ..................... ...................................... 193 

8.5.1 Explaining the observed P uptake . ...... ............................ .... .. .. ....... ..... .... .......... .... ....... 193 

8.5.2 The effect of soil P concentration on the proportion of root length infected with VAN/.. . .... 194 

8.5.3 The relationship behl'een P deficiency, organic anion release, and VAM infection ............. 19 6 

8.5.4 Implications of this experiment on the importance off/AA! in enhancing P uptake in rainfed 
rice .... ..... .......................... ... ............................... . . .. ............................... 197 

8.5.5 Why were mycorrhizae present in this experiment but not in the first thin layer 
experiment? ................................................... .................. ............. .. ..................... 198 

8.6 CONCLUSIOl'\S.................................. .................. . ................ .. .... .......................... 199 

9. STUDIES ON P UPTAKE MECHANISMS IV. ISSUES ASSOCIATED WITH GROWING 

PLANTS IN STERILISED SOIL ............... . .......................................... ........ .................................... ... 200 

9.1 INTRODUCTlON ..................... . ......... .. ........................ . ............ ...................... 200 

9.2 OBJECTIVES.. . ..... ..... ............... . .................. .......................... 201 

9.3 MATERIALS AND METHODS................. .......... ............... .. .............................. 201 

93 J Improvements made to the experimental set-up.......... .. ............. ............... 20J 

9.3.1.1 Preliminary experiment to check that irradiation had eliminated V AM .. . . . ... 201 

9.3. 1.2 Main experiment... .. .. 20 I 
932 Improvements made to the analytical techniques....... ............. . .. ................... 202 

9.3.2.1 Soil measurements... .. ......... 202 

9.3.2.2 Plant measurements.. . .... 203 

9.3.2.3 Modelling P uptake.. .. . .  203 

9.3.2.4 Phosphate desorption isothenns for PSOOO Cavinti soil at ditTerenl pH.. . ........ 204 

9.3.2.5 Model 3: P uptake with solubilisation by acidification . . . .. .. 204 

9.3.2.6 Statistics. . . .... .... 205 

9.4 RESULTS A"1D DISCUSSION.... .................................. . . ........................... ............... 205 

9.4. LI Effect of y irradiation... . .. .. 205 

9.4.1.2 Plant dry weight . '" .206 

9 .4.1.3 Soil pH ..... . ..... ... .208 

9.4.1.4 Phosphorus in solution... .. ... .... 2 I 1 

9.4.1.5 Plant P uptake... . .... 211 

9.4. 2 Modelling P uptake ............... ....... ...................... ..... .... .. .......................... 213 

9.4.2.1 Modelling P uptake in the absence of solubilisation (Model 1).. .. ...... 213 

9.4.2.2 Modelling P upmke to estimate the importance of Ii release as a means of solubilising P (Model 3) .. 

9.-4.3 
9.4.3.1 

9.4.4 

Uptake of Fe, Afn, andAI ... 
Manganese toxicity .. 

OrganiC acid release 

. ... .216 

............... ........ 220 

....... 221 

.... . ..... 222 



VllI 

9.5 CONCLUSIO>lS ....... . ...................... ............................................................................. . 223 

10. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK ........... 224 
10.1 SUMMARY A'iD CONCLUSIONS..... .... ....... . ................... ' ................ .............. ................. 224 

10.2 FUTURE WORK ........................... ................................................................................................ 227 

REFERENCES .........•....•......•......•.............•..••......•................•..•.......••..•........•.•.............................•....•. 229 

APPENDIX A Stability constants for metal-ligand complexes in solution for Experiment 4.3.3 ............. 256 

APPENDIX B Composition of the modified Yoshida et at (1976) nutrient solution ............................... 257 

APPENDIX C Calculation of the phosphate-citrate interaction coefficient f.e .................... ................... 258 

APPENDIX D Estimation of the amount of citrate contained in bacteria in a rhizosphere extract. ........... 261 



IX 

List of figures 

Figure 1.1. Relative distribution of the activities of Ae+ and mononuclear hydrox)'-AI species as a function 

of pH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 

Figure 1.2. Manganese transformations in aerobic soiL ........ .. ......................... . ... 12 

Figure 1.3. Schematic diagram showing the rate-limiting factors and variables deternlining phosphate rock 

(CalO(P04)�2) dissolution. ..... ..... ........ ..... ......... ...... ..... ......... ... . . ........... ............. ... 26 

Figure 2.1. Root elongation in samples of Egmont brown loam and various horizons of Wharekohe silt 

loam.. .... . .............. . . ................. . .. .......... ... 52 

Figure 2.2. pH buffer curve of Wharekohe silt loam subsoil (96-114cm depth) ... .... ........................ . 53 

Figure 2.3 The effect of soil pH on 0.02 M CaCb-extractable Al and Mn in Wharekohe subsoil (96-114 cm 

depth).......... . ..... . .  . ........... ........ ..... .. . .................. 54 

Figure 2.4. The relationship between pH. 0.02 M CaCI: -extractable At and root length of rice seedlings after 

42 h growth in Wharekohe silt loam s ubsoil (96-114 cm depth) ............ . . .... 55 

Figure 2.5. The relationship benveen rice root length and Al extracted by 0.02 M CaCI: for Experiment IIa. 

. ......... . . ..... 58 

Figure 2.6. The relationship between soil solution pH and root length for rice and lucerne seedlings grown in 

Wharekohe silt loam subsoil (96-114 cm depth).. ........ . ................... 59 

Figure 2.7. The effect of soil pH on rice root elongation and soil Al concentration (as r ecovered by 

centrifugation or extracted by 0.02 M CaCI:) in Wharekohe silt loam subsoil (96-114 cm depth). The 

shaded rectangle indicates the range of critical concentrations for Al toxicity in  rice, as given by the 

majority of studies in Table 2.4. . .... ........ . .. ........... . ..... . ...... 60 

Figure 2.8. The relationship between the concentration of AI extracted in 0.02 M Cael: (as measured by 

PCV) and root length of rice grown in Wharekohe subsoil.. .. . . .. . ... . . . . . . . . . . . . .  61 

Figure 2.9. The relationship between the concentration of Al in soil solution (as measured by peV) and root 

length of rice grown in Wharekohe subsoil.. .. ........ . .. 62 

Figure 2.10 The relationship between the Alpcv:Ca ratio in the soil solution and root length of rice grown in 

Wharekohe subsoil. The treatments with high fertiliser rates (high urea and high Ca(N03h) are shown 

separately. . 63 

Figure 2.11. The relationship between AI measured by AAS by spectrophotometric analysis of Al reacted 

withPCY.. .. 64 

Figure 2.12. Root length of 42-11-01d rice seedlings grown in Wharekohe silt loam subsoil (36-53 cm depth) 

amended with different fertilisers ... , .............. . .. 66 

Figure 2.13. Root lengths of 42-h-old lucerne grown in Wharekohe silt loam subsoil (36-53 cm depth) 

amended with different fertilisers ............... . 68 

Figure 3.1. The incubation system for measuring microbial respiration (after Jerez 1988).. .. 78 

Figure 3.2. The experimental system showing a root study container (exploded view) on a moist sand bath. 79 

Figure 3.3. CO2 production from soil and organic amendment mixtures in the presence or absence of P 

(Sechurd RPR ) incubated at 43(Yo moisture. . "  .. .. '" ..... . ..... " ... 83 



x 

Figure 3 .4. The effect of different organic matter amendments and RPR on shoot dry matter yields of upland 

rice after 25 d of growth. .. . . . .. .... ... . . .. . . .. . ...................... ......... ............ ........... . 84 

Figure 3.5. 0 .02 M CaCl2-extractable soil NIL concentrations 18 d after sowing, and easily-extractable P 

(NaClffEA-P plus Olsen P) 25 d after sowing. . . . ... . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85 

Figure 3 .6. Changes in soil pH with distance from the nylon mesh. (See Table 3.2 for treatment key). Data 

are means of two replicates.. ............... ....................... .. ............................ . ............................... 88 

Figure 3.7. NaClrrEA-extractable P and Olsen P values for Wharekohe silt loam amended with different 

organic materials and/or RPR.. . .......... .................... 89 

Figure 3.8. Inorganic P concentrations in the 1 M NaOH fraction of Wharekohe silt loam amended with 

different organic materials and/or RPR.......................... ......................... .... . . . ................. ........ 90 

Figure 3.9. Organic P concentrations in the I M NaOH fraction of Wharekohe silt loam amended with 

different organic materials and/or RPR. .. . . .. . .. .. 91 

Figure 3 .10. P concentrations in the 0.5 M H2S04 fraction of Wharekohe silt loam amended with different 

organic materials and/or RPR. . . ............... 94 

Figure 3.11. Estimated dissolution of Sechura RPR after 13 wk incubation in Wharekohe silt loanl amended 

with different organic materials .... ... . . . ..... . . .... . ........... . 94 

Figure 3 .12. P concentrations in the residual fraction of Wharekohe silt loam mnended with different organic 

materials andior RPR. . . ......... ........ .. . .. 94 

Figure 3.13. The total amount of P recovered from the soil (the swnmation of all six fractions) and that 

predicted by adding the concentration in tlle control soil, plus what was added as RPR and/or organic 

matter, for each treatment. ..... ... . . . . . .. . ............ .............. 95 

Figure 3.14. A comparison of the amoWlt of 0.5 M HCOrextrdctable P in soils treated (+) and not-treated (-) 

with chlorofonn. .. . . " .. 96 

Figure 3.15. The increase in HCO:;'-extractable P following chloroform fumigation in treatments with (+P) 

and without (-P) tlle addition of rock phosphate (averaged across amendment), and with different 

organic amendments (averaged across P treatment) (Con.=controL TL=rree lucerne, WS=wheat straw). 

... ........... . ........... 97 

Figure 4 .1. P adsorption isotllenn for 2 nun sieved Cavinti soiL P is added as MCP. A log-log line is fitted to 

the increasing portion of the curve. The critical concentration of P in solution for low P-requiring crops 

(Fox 1981) is shown as a dashed line. . ...... . l07 

Figure 4.2. Freundlich (log-log) P desorption isothern1s for Cavinti soil. The numbers in tlle legend are tlle 

rates of P applied to tlle soiL in fJ.g P g-I soil. The volume of CaCl:c solution used to desorb P increases 

from right to left. The data have been split into two plots for clarity... . ........... 110 

Figure 4.3. Log-log plots of P desorption isothenns for C3vinti soil. 'Linear' (log-log) regressions have been 

fitted for each soil P leveL. . . . .. . .................. " III 
Figure 4.4. The effect of increasing soil MCP concentration on soil pH after 6 wk incubation. A linear 

regression has been fitted to describe the relationship above 2 mg P g-I soiL ,. III 
Figure 4.S. The percentage of citrate sorbed after a 16 h shake Witll Cavinti soil at two rates of P addition 

500 IJ.g P g'] soil (PSOO) and 5000 IJ.g P g'] soil (P5000) . '" In 



Xl 

Figure 4.6. The amounts of P, Fe, Mn, and Al in solution for a given addition of citrate to P500 (left) and 

P5000 (right) Cavinti soiL . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 5 

Figure 4.7. The amount of P, Fe, Mn, or Al solubilised for a given addition of citrate to P500 (left) and 

P5000 (right) Cavinti soiL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  1 16 

Figure 4.8.  The relationship between the amount of AI+Fe solubilised and the amount of citrate in solution 

for P500 and P5000 Cavinti soiL . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 7 

Figure 4 .9 .  The proportion of fertiliser P recovered into solution after shaking Cavinti soil for 1 6  h with 

different amounts of citrate. Both soils were fertil ised with MCP: P500 soil at 500 j.tg P g' l soil and 

P5000 at 5000 j.tg P g'l soil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 19 

Figure 4. 1 0. The amount of P solubilised by citrate per J..l.mole of P added to Cavinti soil plotted against the 

amount of citrate added. Note: the amount of P solubil ised = moles of P in solution in the presence of 

citrate - moles of P in solution in the zero citrate treatment. . 1 20 

Figure 5 . 1 .  The TL system developed for growing a planar layer of roots between two small volumes of soiL 

. . . . . . . . . . . . . . . . . . . . . . . . . .  1 26 

Figure 5 .2 .  The experimental set-up used to grow rice in the TL systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 7  

Figure 5 . 3 .  Plant dry weight after 4 w k  growth i n  the TL systems with different additions o f  MCP. Also 

shown are the initial P concentrations in the soil solution estimated from the soil P adsorption isotherm 

(Figure 4 1 ). . . . . . . . . . . . . . .  1 2 9  

Figure 5.4.  A comparison of two curves for predicting b p  over the range of desorbable P for the P2000 soil. 

. . . . . . . . . .  1 37 

Figure 5 .5 .  The effect of varying the soil : solution ratio on the solution P concentration and the change in soil 

P concentration . . . .  . . . . . . . . . . . . .  1 39 

Figure 5.6.  Root + shoot dry weight of four rice plants grown in TL systems. P ferti liser was either applied 

as a band occupying 1 0% of the soil volume or incorporated throughout t11e entire soil volume . . . . . . .  1 4 1  

Figure 5.7.  Rootshoot ratio for rice grown i n  the TL systems. . . . . . . . . . . . . . . . . . . . . . . . 1 4 1  

Figure 5.8.  Observed and predicted P uptake for rice grown in  Ule TL systems after 6 wk of growth . . . . . . . .  1 44 

Figure 6. 1 .  The efficiency of different acids in recovering citrate from Cavinti soi l .  . . . . . . . . .. . . . . . . . . . . . .. .  1 56 

Figure 6 .2 .  The effect of increasing t11e concentration of H2S04 on t11e recovery of citrate, and on the 

dilution factor needed to separate citrate from other compounds extracted from Cavinti soil. . . . .  1 57 

Figure 6 .3 .  HPLC chromatograms of rhizosphere extracts soil spiked with 1 . 25  J..l.g citric acid g.1 soil. a) A 1 /" 
dilution of the extract. which shows that the citric acid peak (retention time 6.5 min) could not be 

accurately quantified (indicated by the symbol ·V') .  due to an interfering peak at 6.0 min. b) The same 

sample after a 1 / 1 :  dilution. the 6.0 min peak has been diluted out and t11e peak can be quantified . . . .  1 59 

Figure 6.4.  The effects of different storage procedures on Ule composition of a rhizosphere soil extract. (a) 

Sample acidified to pH 1 . 7. or acidified then readjusted to pH>4 with NaOH. compared to a fresh, non­

pH-adjusted sample. (b) The non-acidified and acidified treatments from (a) stored for 1 d, compared 

to the fresh sample. (c) As for (b) but samples were stored for 1 5  wk . .  ' "  1 66 

Figure 6 .5 .  The effect of light. and acid addition. on the short-tenn storage of samples containing citrate. 1 70 



xii 

Figure 7. 1 .  Total plant dry weight of upland rice grown in the second thin layer experiment compared with 

those of the first experiment, 5 \'vk after transplanting. P fertiliser was incorporated throughout the thin 

layer soil, or mixed in a band occupying 1 2% of the thin layer soi l . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 76 

Figure 7.2. P uptake by rice plants grown in Experiment 1 .  where no roots penetrated the mesh (6 wk of 

growth). compared with Experiment 2. where roots penetrated the mesh (5 wk of growth) . . . . . . . . . . . . . 1 77 

Figure 7 .3 .  A fine root penetrating 24 f.U11 nylon mesh, viewed from above. The circular portion of the root 

at the top, slightly left of centre, is above the mesh, and the shaded portion bending towards the lower 

right, is below the mesh. The point of penetration (top, slightly left of centre) is in focus. Note that the 

mesh is not being forced apart by the root . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 78 

Figure 7.4. Exploded view of the pressure plate apparatus used to control the moisture content for 

E xperiment 7.2 . . . 1 80 

Figure 7.5.  Moisture content for each pot of the moist (M) ( 1 0  cm suction) and dry (D) (50 cm suction) 

treatments during Experiment 7.2  . . . . .  1 82 

Figure 7.6.  The relationship between the nWllber of roots that penetrated the 24 �m nylon mesh and the 

average water content during the 1 0  d of the different \vater regimes. 1 83 

Figure 7 .7 .  Measurements made on roots that penetrated 24 �m nylon mesh for parameters considered 

important for roots to penetrate fine pores. . . .  . . . .  . . . . . .  . . . 1 84 

Figure 8. 1 .  Total dry weight of upland rice grown in the first TL experiment (without V AM infection) 

compared with the third TL experiment (55-92% of the total root length infected with V AM) . . . . . . 1 88 

Figure 8.2. A comparison of P uptake from the first TL experiment (without V AM infection) against the 

third TL experiment (55-92% of the total root length infected with V AM) . . . . . .  ' "  . . . . . . . . . .  1 89 

Figure 8.3 .  Root and shoot P concentration of rice grown with P fertiliser incorporated throughout the TL 

system ( I ne) or banded within l O% of the soil volume (Sand) For the banded treatment. a separate P 

concentration is given for roots taken from inside and outside the P-rich band. The optimum flag leaf 

% P is given for rice at flowering (Jakhro 1 985). . . . . . .  . . . . . . . . . . . .  1 89 

Figure 8 .4 .  A rice root heavily i nfected with V AM. The blue-stained hyphae can be seen both inside and 

outside the root. . .  1 90 

Figure 8 ,5 .  A rice root. containing a large number of mycorrhizal vesicles (dark blue staining ellipses). ' . .  1 9 1  

Figure 8.6.  A mycorrhizal vesicle . . . ' "  . . .  . . . . . . . . . . . .  1 9 1  

Figure 8. 7 .  An arbuscule . .  . . . . . . . . .  1 92 
Figure 8 .8 .  A mycorrhizal spore . . . . . . . . . . . . . . . . . . . .  1 92 

Figure 8.9 . (a) The effect of P fertiliser rate on the proportion of root length infected with V AM. 0 == the 

unfertilised soil of the banded treatment, 200 == the incorporated treatment, 2000 "" the band of the 

banded treatment. (b) The proportion of the total root length infected with V AM . . . . . . . . . . . . .  . 1 93 

Figure 9 . 1 .  Upland rice grown in sterilised (y irradiation, 25 kGy) and non sterilised Cavinti soil 4 wk after 

germination . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . .  207 

Figure 9.2.  Close up of the leaves of upland rice gro\vn in sterilised (y irradiation. 25 kGy) Cavinti soil. The 

brown streaks are evidence of Mn toxicity. . . . .  . . . . . . . . . . . . . . . . . .  207 



xm 

Figure 9 .3 .  Dry weight of upland rice grown in sterilised soil in the fourth thin layer experiment. Phosphate 

fertil iser was either incorporated throughout the entire TL system (I ne.), or banded in 1 0% of the TL 

system (Band). . . . . . . . . . . . . .  . . . . . . .  . . . . . .  . . . . . . .  . . . . . .  . . . . . . .  . . . . . . . . . . . . . . .  . . .  . . . . . . . . . . .  208 

Figure 9.4. Soil pH of moist soil and air-dried soil, 1 :2.5 soil :CaCl2 ratio, from the TL systems: PO == 

unfertilised soil outside the band, P500 == the incorporated treatment, and P5000 == the high P band . .  209 

Figure 9.5 .  pH buffer curve for P5000 Cavinti soil. Note: the native pH of P5000 Cavinti soil is 4.8 . . . . . . . .  2 10 

Figure 9.6. P uptake per TL system when P fertiliser is incorporated throughout the soil (Inc. ) or banded 

within 1 0% of the soil volume (Band). . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  2 1 2  

Figure 9.7. Shoot P concentration for upland rice grown i n  incorporated or banded TL systems. The critical 

shoot P concentration below which P deficiency is likely (Tanaka and Yoshida 1 9 70) is shown as a 

dashed line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  " 2 1 2  

Figure 9.8.  Observed and predicted P uptake by upland rice grown in tlle fourth tllin layer experiment. The 

standard error in the observed uptake is approximately equal to the size of the symbols. . . . . . . . . . . . . . . . .  2 1 4  

Figure 9.9. P desorption isotherms for the P5000 Cavinti soil in the presence of added W. The pH (0. 0 1  M 

CaCh 1 :2 .5  soil : solution ratio) of P5000 Cavinti soil is 4 . 58 . .  . . . .  . . . . . . . .  . . .  2 1 8  

Figure 9. 1 0. The predicted uptake of P by upland rice grown in TL systems with and without accounting for 

solublisation by W. . . . . .  2 1 9  

Figure 9. 1 1 . Acid release patterns from 2-wk-old upland rice grown on sand witl) N supplied as either (a) 

NRtN03 or (b) Ca(N03h The sand is stained with bromocresol purple. which is yellow below pH 4. 

All nutrients were supplied by P-free Yoshida nutrient solution (Yoshida et al 1 976), which was 

adjusted to pH 5 .0 .  Acid release declined greatly when N03' was tlle sole N source. aliliough acid 

release was still observed from the root tips. . . .  . 220 

Figure A. l .  P desorption isotllenns for P5000 Cavinti soil. The numbers beside each data poim are the final 

solution citrate concentrations (mM) after 16 h of shaking. The points are means. n==2. The value of }<.(' 
(see text) is calculated for a solution P concentration of 0 . 165 mM. shown by the dotted line. . .  . . . .  260 



XIV 

List of tables 

Table 1 . 1  Area occupied by the four main rice-producing agro-ecosystems and their yields in 1 99 1 .  . . . . . . . . . . . .  2 

Table 1 . 2  . Examples of processes affecting soil pH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

Table 1 . 3 .  pH buffering systems in soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  1 0  

Table 1 . 4 .  Yield data for barley varieties with differing A l  tolerance i n  relation to plant-induced pH changes 

in nutrient solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 

Table 1 . 5 .  Average composition of root exudates from four lowland rice cultivars . .  . . . . . . . . . . . . . . . . . .  37 

Table 2. 1 .  Important soil  properties of Wharekohe silt  loam horizons and Egmont brown loam. ' "  47 

Table 2.2.  Fertiliser treatments for E.\:periment Ill. . . . . . . . . . . . . . . . . .  . . . . .  . . . . . . . . .  . . . . . .  . . . . . . .  . . . . . . . . . . . . .  50 

Table 2 . 3 .  Soil solution chemical parameters that are important in explaining the root length observed in 

Experiments lIb. HI and IV Also given is the percentage difference in Al concentration measured 

using PCV compared to AAS . . . . . . . . . . . . . . . . . . . . .  5 7  

Table 2 .4 .  Reported critical Al concentrations above which rice growth was affected i n  solution culture 

experiments . .  " 

Table 3 . 1 .  Content of major nutrients in the organic amendments. 

Table 3 . 2 .  The soil treatments . .  . . . . . . . . . . . . . 

Table 3 . 3 .  A modified P fractionation procedure to measure soil and fertiliser P fractions . "  

. .  6 1  

. . 76 

. . . . .  77 
. .  8 1  

Table 3 . 4 .  Approximate calculations showing the fate o f  added C and Po from tree lucerne (TL) and wheat 

straw (WS) 65 d after addition to a Wharekohe silt loam topsoil : subsoil mix. . . 92 

Table 4. 1 .  Important characteristics of Cavinti soiL . . . . .  . . . . . . . . . . . . . . . . . . . 1 03 

Table 4 . 2 .  Changes in soil solution P concentrations. Freundlich constants. and bp when different rates of P 

fertiliser are added to Cavinri soiL . . . . . . . . . . . . . . . . . . . . .  109 

Table 5 . 1 .  The d istribution of P between various pools  in  planted and unplanted Cavinti soil for the thin layer 

experiment. 6 wk after transplanting. . . . . . . . .  1 42 

Table 5 . 2 .  A comparison of total plant P uptake with total P depleted from the NaOH-PI fraction after 6 wk 

of plant growth. . . . . . .  143 

Table 5 . 3 .  Parameters and values used in Model I to predict P uptake from P200 and P2000 soil 143 

Table 5.4.  Root parameters of upland rice 2,  3 and 5 wk after transplanting. in the soils of the incorporated 

treatment (P200). the unfertilised soil outside the band (PO). and the P-fertilised band (P2000). . . . .  1 47 
Table 5 . 5 .  Additional parameter values required for Model 2 to explain P uptake from the banded treatment 

Other parameters, whi.ch ,vere the same as those used in Model l .  are given in Table 5 . 3 . . . . . . . . .  1 49 
Table 6. 1 .  Compounds extracted from Cavinti soil by KH:PO-1. the area of the citric acid peak. and that of 

the nearest interfering compound.. wh.ich eluted 0 . 3  min before citric acid. . . . .  1 56 
Table 6 .2 .  Comparing different soil :solution ratios and concentrations of H:S04 for extracting citrate from 

the batch of soil used for the thin layer experiment in Chapter 9. n=2. . . . . . . 1 60 

Table 6. 3 .  Dissociation constants (PK) of organic acids commonly found in soil (25°C) . . . . . . . . . . . . .  ' "  167 



Table 6.4. Measured citric acid concentration (relative to standard 50 J.lM citric acid) and retention time for 

solutions of different compositions. as detennined by HPLC. . . . .. . . . ... . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . 1 72 

Table 9. 1 .  Parameters used to model P uptake in the 4th thin layer experiment... . . . . . . . .  . . . . . . . . . . . .... . . .. . . .  2 1 3  

Table 9 .2 Values of additional parameters required by Model 3 to predict P uptake from the banded 

treatment as a result of 11 release from the roots covering the P-fertilised band . .  . 2 1 7  

Table 9 .3 .  Shoot Fe, AI, and Mn concentrations for upland rice grown in TL systems where P fertiliser was 

either incorporated throughout the soil (Inc.) or banded in 10% of the soil volume . . . . . . . . . . . . . . . . .. . . . .  2 2 1 

Table A l  The stability constants for the possible metal-ligand complexes that may form in solution for 

Experiment 4 . 3 .3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .. .  2 56 

Table A.2. Composition of the modified Yoshida et af. ( 1 976) nutrient solution used for the thin layer 

experiments . . . . . . 2 5 7  



List of symbols 

Symbol Definition 

General symbols 
p soil bulk density 
Eh equilibrium redox potential 
g the unit for relative centrifugal force (RCF) 

(in this thesis the maximum radius is  used to calculate 
the RCF) 

Pi inorganic phosphorus 
pK dissociation constant 
Po organic phosphorus 

Symbols used in Model 1 
a root absorbing power for P 

f) 
A 

Fmax 
Km 

L 

(The maximum value of a = FmaxlKm) 
volumetric soil water content 
area of root-soil contact 
soil buffer power for phosphorus, d[P]/d[Pd 
diffusion coefficient ofP in free solution 
diffusion impedance factor 
maximum influx that the roots can achieve 
Michaelis-Menten constant 
(Km = P concentration in solution when P uptake by roots 
is half of the maximum P uptake) 
width of thin layer 
width of the root hair zone 
concentration of phosphorus (P) in the whole soil 
concentration ofP in the soil solution 

[P ] the concentration of P in the soil solution at x = th, 
L 0 

t 
x 

time 
distance 

Units 

mol dm'2 S'l 
mol dm,3 

dm 
dm 

XVi 

/lmol dm'3 soil 
/lmol dm'3 solution 

/lmol dm-3 solution 

s 
dm 



Symbol Definition 

Additional symbols used in Model 2 (solubilisation by citrate (C)) 

CC] 
[Cd 
Du:: 
DLp• 
Fe 
ke 
[P� ] 

.-le 

soil C buffer power, (O'[C]/O'[Cd)p 
soil p* buffer power, (O'[P]/ O'[p� J)e 
concentration of C in the whole soil 
concentration of C in the soil solution 
diffusion coefficient of C in free solution 
diffusion coefficient of P* in free solution 
flux of C across root plane 
rate constant for C decomposition 
concentration of P species (ortho P and P complexed 
with C) in the soil solution 
P-C interaction coefficient, (O'[P � l/O'[ C d)p 

XVll 

Units 

/lmol dm -3 soil 
/lmol dm -3 solution 
dm2 S-l  

dm2 S-l 

mol dm-2 S-l 

sol 

/lmol dm·3 solution 

Additional symbols used in Model 3 (solubilisation by the hydrogen ion (H"J) 
bH W ion buffer power, (a[H+ ]/O[H� ])p 
DLH diffusion coefficient ofH

3
0+ in free solution 

FH rate of W release 
[H] concentration of soil acidity titratable to the original soil 

pH 
concentration ofH30+ in the soil solution 
W decomposition rate constant 
partial pressure of CO2 initial pH 
P-W interaction coefficient, (O'[p� ]/ O'[HL ])p 

dm2 S·l 

mol dm-2 S·l 

mol dm -3 soil 

mol dm-3 solution 
S·l 

atm 




