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ABSTRACT 

Production of Pinus radiata is a major contributor to New Zealand's economy and new 

plantings are a valuable carbon sink. Phosphorus (P) deficiency and high P fixing 

capacity of some volcanic ash so ils (e .g. Allophanic So il) may constrain radiata 

productivity. This thesis investigates the role of ectomycorrhizal (ECM) root processes 

in the acquisition ofP by P. radiata from native soil and soil fertilised with two reactive 

phosphate rock (RPR) fertil isers. 

The application of fmely-divided RPRs to a P deficient Allophanic Soil s ignificantly 

increased P. radiata seedl ing growth and P uptake in 10 month pot trials .  RPR 

dissolution was high in this soil, and it was further enhanced by the rad iata rhizosphere 

processes. The development and formation of ECM in radiata seedlings was stimulated 

by low rates of RPR applicat ion but was hindered in unfertil ised soils and high rates of 

RPR application. 

The P. radiata ECM roots induced acidification and increased oxalate concentration and 

phosphatase activities in the rhizosphere soil . These changes in rhizosphere biochemical 

properties were associated with enhanced solubilisation of fertiliser and so il inorganic P 

and increased mineral isat ion of organic P ,  leading to increased P bioavailability in the 

rhizosphere. 

ECM inoculation of P. radiata roots with Rhizopogen rubescens and Suillus lute us 

stimulated production of phosphatase enzymes and oxalate and induced acidificat ion in 

the rhizosphere. The extent of root-induced changes in the rhizosphere so ils was 

associated with ECM hyphae length density. 

A technique using pulse labell ing of radiata shoots with 14C02 showed promise in 

estimat ing the active ECM hyphae density. The 1 4C activity was highly correlated with 

ECM hyphae density measured by an agar film technique. 



Overall, observations made in this thesis indicate that sparingly so luble forms of organic 

and inorganic P in so ils low in plant-available P are readily solubil ised and util ised for P. 

radiata growth through ECM rhizosphere processes. 

11 



ACKNOWLEDGEMENTS 

I wish to express my gratitude to the following people and organisation: 

My chief supervisor, Dr. P. Loganathan, for his supervision, encouragement, friendship, 

morale support and patience throughout all stages of my study. 

Co-supervisor, Assoc. Prof M. J .  Hedley, for his supervision, guidance, assistance, 

constructive crit icism and friendship . 

Co-supervisor, Or. M. F .  Skinner, of Forest Research (Institute Ltd.), Rotorua for his 

assistance, advice and care of my well-being. 

Lance Currie, Bob Toes, I an Furkert, Glenys Wallace, Anne West, Mike Bretherton, 

James Hanly, Carolyn H edley (Landcare Research) and Hugh Nelson (Plant Science, 

Massey University) for their help with my laboratory work. Bob Toes, Ross Wall ace 

and Brian Garnett (Pan Pac Ltd. ,  New Zealand) for their help with the field work. 

Ms Lynette Grace (Forest Research) for her assistance and advice on mycorrhizal 

ident ification and the col lection of fungal sporocarps; Or Harry Percival and Mr Brian 

Dale (both of Landcare Research) for their help with analyses of oxalate and DOC 

concentrations; Or Roger Parfitt (Landcare Research) for his comments on Chapter 4; 

Or Chris McLay (Waikato Environment) for his continued encouragement and care o f  

m y  well-being. 

The staff and my fellow postgraduate students, both past and present, for their 

friendship and morale support. 

Massey University for awarding a Massey University Doctoral Scholarship; New 

Zealand Vice-Chancellor's Committee for awarding a Gerald Agnew Postgraduate 

Fellowship ; New Zealand Forest Research Institute Ltd. for awarding a NSOF grant; 

III 



College of  Science of Massey University for awarding a 10hannes August Anderson 

Ph.D Scholarship. 

Forest Research ( Institute Ltd . ,  New Zealand) for providing partial research funding to 

this study; Pan Pac Ltd. (New Zealand) and Carter Halt Harvey Forest for allowing me 

to conduct trials in their forest plantations. 

F inally, my immense gratitude to my fam ily members, most importantly to my mother, 

wife (Hong) and son (Lisheng) . Thanks for all your support and understanding over the 

past four years . 

IV 



TABLE OF CONTENTS 

ABSTRACT ............................................................................................... i 

ACKNOWLEDGEMENTS .................................................................... iii 

TABLE OF CONTENTS ......................................................................... v 

LIST OF TABLES ................................................................................. xii 

LIST OF FI G URES ............................................................................... xiv 

LIST OF PLA TES ............................................................................... X\liii 

CHAPTER 1 

General introduction 

1 . 1  Background ........................................................................................................... 1 

1.2 Obj ectives of the thesis ...................................................................................•...... 2 

CHAPTER 2 

Rhizosphere processes influencing soil and fertilise r  

rhosphorus availability to Pinus radiata 
- A literature review 

2.1 In trod u ction ...................................•.•................................................................•.... 4 

2.2 Phosphorus deficiency in soils supporting P. radiata ........................•................. 5 
2.3 Phosphorus fertiliser requirement ....•...................................................•.............. 5 
2.4 Forms and dynamics of soil P .............•....•.............................................•.............. 8 

v 



2.4.1 So il inorganic P (Pi) ....... ......... ... ....... . .... ........ . . .. . . ... ..... . . . . ... . ... ... ... . . . . . . .. . . . .. 10 

2.4.2 Organic P (Po) cycling and its importance in forest ecosystem . . . . . . . . . . . . . . . . . . .  10 

2.5 Role of ectomycorrhizas (ECM) in n u trie n t  u ptake by P. rad iata ............. ....... 1 3  

2 . 5 . 1 ECM [me root and its turnover . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

2 .5 .2  P-efficient mycorrhizal fungal tissues . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15 

2.5.3 Mycorrhizal fungi associated with P. radiata in New Zealand . . . . . . . . . . . . . . . . . . .  19 

2.5.4 Factors affecting the infection of mycorrhizas in pine trees . . . . . . . . . . . . . . . . . . . . . . . .  1 9  

2.5.4.1 Effect of soil type and fertility ... . ........ . .. . .... . ........... ... .. .. ..... . . ........ 21 

2.5.4.2 Effect of soil P status ................................... . ...... ........ ...... . ..... . .... 22 

2.5.4.3 Effect of tree age on mycorrhizal development . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 

2.6 Con i ferous rhizosphere p rocesses influencing P availability ............................. 23 

2 .6.1 Root- induced changes in so il microbial composit ion . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. 23 

2.6.2 Rhizosphere pH change . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 

2.6.3 Oxalate release from roots and its effect on so il inorganic P 

mobil isat ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 

2.6.3.1 Production of oxalate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 

2.6.3.2 Impact of oxalate on P mobilisation in soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

2 .6.4 So il phosphatase act ivity and its effect on so il organic P 

mobil isat ion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33 

2.7 Meas u re m e n t  of m ycorrhiza l  fu ngal hyphae density in soi l .. ............................ 36 

2 .7 . 1 Agar film techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .  36 

2.7 .2  Membrane filter technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .. . .  36 

2 . 7 .3 Counting root-tips . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

2.7.4 Biochemical techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. . . . . . . . . . . . . . . . .  37 

2.7.5 Other techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

2.8 S u m m ary a n d  researc h  n eeds ........................................................................ ..... 38 

CHAPTER 3 

The mobilisation and fate of soil and rock phosphate in the 

rhizosphere of ectomycorrhizal Pinus radiata 

Seedlings in an Allophanic Soil 

VI 



3. 1 Introduction ......................................................................................................... 4 1  

3.2 Materials and methods ........................................................................................ 42 

3.2.1 Soil, fertil isers and seedl ings ..... . . . . . . ....... . . . . . . . .. . .... . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . .. ... .42 

3.2.2 Experimental design and management .... . . .... . . . . . ........... . . . . . ....... . . . . . . . . . ..... . .  .44 

3.2.3 Soil, plant and solution sampling . . ..... . . . . . . . ....... . . . . . ..... . .. . . . . . . . . ....... . . . . . . . . . . . . . .44 

3. 2.3.1 Soil sampling . . . . . . . . . . .. . . . . ... . ..... . . . . . . ......... . . . .. . ....... . . . . . . . . .. . ..... . . . . ..... 44 

3. 2. 3. 2 Soil solution sampling and analyses . . . ......... . . . .. . ........ . . . . . ........ . . . . .  45 

3. 2. 3. 3 Seedling shoot and root sampling and measurement . . . .... . . . . . . . . ..... 45 

3.2.4 Plant, soil and solution analyses .... . . . . . . . . .... . . . . . . . . ..... . . . . . . . ............ . . . ........ . . . .. .46 

3.2.5 Statistical analyses of data . . . . . .. . . . . . . . .. . . . . . . . . . . ......... . . . . . . ..... . . . . . . . . . . ...... . . . . . . . ... .4 7 

3.3 Results and discussion ......................................................................................... 47 

3.3.1 Effect of SPR on seedling growth and P uptake ... . . . . .......... . . . . . . . .... ... . . . . . .... .47 

3.3.2 Effect of SPR on ECM root tips .. . . . .. ..... . . . . . . . ... . . .. . . . . . . .... . . . . . . . . . . . ... . .. . . . . . . . . .. . . 50 

3.3.3 Root induced changes in pH in so il and so il solution .... . .. . . . .. . . . .... . . . . . . . . . . . . . . 50 

3.3.4 Oxalate excretion by roots . . . . . .. . . . . . . . . . . . ... . .. . . . . . . . . . . . . . . . . . . . .. . ... . . . . . . . ..... . . . .. . .. . . . .  51 

3.3.5 Root induced changes in soil phosphatase activities ...... . . . . . . ....... . . . . . ....... . . . . 52 

3.3.6 Change in soil P fract ions . ..... . . . . . . . ..... ... . . . . . . .. . . . . . . . . ........... . . . . . . ..... . .. . . . . ... . .. . .  54 

3. 3. 6. 1 Addition ojSPR ... . . . . . . . . . . . . .... . . . ... . .... . .. . .. . .. . . .... . . . . . . . ... . . . . . . . . .... . . . . . . . .  54 

3. 3. 6. 2  Root induced effects .. . .. . . . . . . . ..... . ... . .. . . ....... . . . . . ....... . . . . ........ . . . . . . ..... 58 

3.4 Conclusions .......................................................................................................... 59 

CHAPTER 4 

Root processes influencing phosphorus availability 

in soils under 4 - 5 years old Pinus radiata plantations 

4. 1 In  trod uctiou ...................................................................................................... 6 1  

4.2 Materials and methods ..................................................................................... 62 

4.2.1 Sites description ..... . .. . . . ...... . . . . . ........ . . . . ... . .... . . . . . . ....... . . . . . . . ...... . . . . . ......... . . . . . . 62 

4.2.2 Root, soil and solution samplings ...... . . . . ...... . . . . . .. ......... . . . . ...... ... . . . . .. . ... . . . . . ... 63 

4.2.3 Soil analyses ..... . . . . . . . . . ..... . . .. . . . . ....... . . . ...... . . . . . . . . ...... . . . . . . . ..... . . . . . . . . . . ...... . . . . . . ... 65 

4.2.4 Determination of hypha I length in so ils . . . ...... .. . . . . . ........ . . . . . . ...... . . . . .. . ....... . . . . 65 

4.2.5 Stat istical analyses .. . . . . . . . .. .... . . . . .. . ..... . . . . . . ..... . .. . . . ......... . . . . . . . .... . . . . . . . ..... . . . . . .... 65 

VII 



4.3 Results and discussions ...................................... .. ............................................ 66 

4.3. 1 ECM root tips and hyphal length density in soiL . ...... . .. . . . . . . . . . . . . . . . .. . .. . ... ... . .  66 

4.3.2 Oxalate concentration in soil solution . . .... . . . ... .. . . . . .. . . ..... . . . .. .. .. .. . ... .. . . . ... . . . ... 67 

4.3.3 Soil pH . .. . ... .. . .. . . . . .. . . .. ..... .. . . . . . . . . . . .. . . . . . . . .. .. ... . ..... . . . ... . .. . . . . . . .. . . . . .. . .......... . . . .... 69 

4.3.4 Soil organic matter content ... ... . . . . . . ..... . ... ... . ... . . . .. . . .. . . . .. . .. ... .. . . . . . . . .. . . .. . . . . . . . . .  70 

4.3.5 Dissolved organic carbon (DOC) . ... . . . ... .. . . .. . . . . ..... ........ . ..... . ... .. . . . . . . . ... . . ... ... 70 

4.3.6 Soil phosphatase enzyme activities . . . .. . . . . . . ........ .. . . . . ... . . . ... . . . . . . ....... . ....... . . .. . 7 1  

4.3.7 Soil P fractions . .. ...... . . . .. . . . . . .... ... . . ...... . . . . . . . .. .. .. . . . .. . ........ . . .. . . . . . . . . . ... .. . . .. . ..... . 7 1  

4.3. 7.1 Effect of soil type .... . .... . . . .. . . . . . . . . . . . . ..... ... ...... ... . .. ... ...... . . . .. .. . ... .. . .. . 73 

4.3.7.2 Effects of root processes . . . .. . ... ...... . . . . . . . . .... . . . . . . . .... ... . . . .. . . .. . . . . .. ...... 73 

4.3. 7. 3 Effects of plant type . ... .. . . .. . ... . .. . . . . ... .. .. . . . . . . . . . . . . . . . . . . . . . . . . . ..... . . . . . . . . .. . 78  

4 .3.8 Soil P availability model for P. radiata .... .. .. .. . ... .... . . . . .. ... . . . . .. . .. . . ...... ..... . . . .. 78 

4.4 Conclusions ........ ................. . . . . ...... ... . . . . . . . . . . . . . . . . . . . . . ... ........ . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .. 81 

CHAPTERS 

Influence of ectomycorrhizal hyphae on phosphorus 

fractions and dissolution of a phosphate rock 

in the rhizosphere soils of Pinus radiata 

5.1 In trod u ction ...... ................................................. ..................... ....... ... ... ................ 83 

5.2 �laterials and methods . ....... . ....... . . . . . . . . . . . "" . . . . . . . . . .. . . ......... . . . . . . . . . . . . . . . . . . . . . . . . .. . .... . . . . . . .  84 

5 .2 .l Experimental design and techniques .. . . . . . . . . . . . . . . . . . ... . . .. . . . .. . . ... . . . . . . . . . . .. ... ... . ... 84 

5.2 . 2  Harvest and sampling . ... . .... ..... . . . . . . . . . .. . ......... . . . ........ . . ... . . ... . .... . . ... . ..... . ...... 88 

5.2.3 Soil analysis . . ..... ... . . ...... . .. . . . . . . . .. . . . . . . . . . . . . .. . .. ....... . . . . . . .... . .. ... .... . . .. . . . . . . . . . . . .... . 88 

5.2.4 Statistical analyses of data . . . . . . ... . ..... . . .. . . . . . ... . ... . .. . . ... . . . . . . . . .. .. . .. . . . . .. ...... . .. . .. . 89 

5.3 Results and discussion .......... . . . . . . . . .... . . . . . . . . . . . . . . . . . . . . . . . ............. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .  89 

5.3. 1 Mycorrhizal t ips and root area .. . . .. . . . . . ... . . . . . . ..... . . . . . . . . . ... . . . . .. . .. .. .... .. . . . . . . . . . . .. . 89 

5.3.2 ECM hyphal length density .. . . . . . .. . .. .. .. . . . . .. ...... . . . . . .. . .. . .. ... . . . ... ..... ... ... . . . . . . . ... 90 

5 . 3.3 Soil pH . . . ... . . . ...... . .... . .. . . . . .. . .. ..... . . . . ..... . . . . .. . .. . . . ..... . . . . . . . .. ... . . . ... .. . . . . . .... ... . .. . . . .  92 

5 .3.4 Phosphatase enzyme activities ... ... . . . . . . . . . .... . . . . . . . .. . ........ .. . . . . ... . .. . . ... . . .. . . .. . ... . 92 

5.3.5 BGPR effect on soil P fractions . . . .. .. . . . . . . . . . .. . . ..... . .... . . . ... . . . . . . .. .. . . ... .. . . .. . . . . . . .. 95 

5 .3.6 Effect of roots and ECM hyphae on P fractions ...... . .. . .. . .. ... . . . .. . . . . . ..... .. ... .. . .  97 

viii 



5. 3. 6. 1 Effect on resin-P . . . . . . . . . . . . . . . . . . . . ... . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97 

5. 3. 6. 2  Effect on NaOH-Pi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . .. ... . . . . . . . . . . . .  101 

5.3.6.3 Effect on H2SO./-P . . . . . . . . . . ... . .. . .... . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .  101 

5. 3. 6.4 Effect on NaOH-Po . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .. . .  102 

5. 3. 6. 5  Effect on residual-P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..... 104 

5.4 Conclusions ........................................................................................................ 1 04 

CHAPTER 6 

Mycorrhizal inoculation of Pinus radiata seedlings and its 

effect on the growth and rhizosphere properties of 

seedlings grown in an Allophanic Soil with and 

without phosphorus fertiliser  application 

6.1  Introduction ................................................ ...................................... ................. 1 05 

6.2 Materials and methods .................................... ... .............. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 

6.2.1 Experimental design . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .. . .. . . ... . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  106 

6.2.2 Soil preparation . . . . . . . , . . . . . . .. . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .  1 07 

6.2.3 Seed germination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . .. . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . 107 

6.2.4 Seedl ing inoculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. .. 108 

6.2.5 Trial management and harvesting of plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . .. . . . . . .  108 

6.2.6 Soil sampling . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .. . . . . .. . . . . . . . . . . . . . . .  111 

6.2.7 Soil solution sampling .. . . . . . . . . . . .. . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111 

6.2.8 Mycorrhizas identification and ECM hyphal length measurement . .  . . . .. . . . . .  112 

6.2.9  Plant, soil and solution analyses . . . . . . . . . . . . . . . . . . . . ... . . . . . . . .. . . . . . .. . . . . . . . . . . . . . ..... . . .. . .  112 

6.2.10 Statistical analyses of data .. . . . .. ..... . . . . . . .  , .. . . . . . . . . . .. . . . .. . .. . . . .. . .. . . . . . . . . . .. .. . .. .  , . .  112 

6.3 Results and discussion ......... . . . . . . .. . . ......... . . . . . . . . .. . ................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 13 

6.3.1 Effects of ECM inoculation and P fertil isation on seedling growth 

and P uptake . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. ... ... . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .  113 

6.3. 1. 1 Effects oj ECM inoculation . . . . . . . . . . . . . . . . . . . . . . .. . .. .. . . . . . . . . . . . . .. . . . . . . . . . . . .  113 

6. 3. 1 . 2  Effects of P jertilisation . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  116 

6.3.2 Effects of P ferti l isat ion and ECM inoculation on soil properties . . .. . . . . . . .. . 119 

6. 3. 2. 1 Effects on hyphal length density . . . . . . . . . . . . . . . .. .. . ... . . . . . . . . . . . . . .. . . . . . . . . . .  119 

IX 



6. 3. 2. 2  Effects on soil pH . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  121 

6. 3. 2. 3. Effects on acid and alkaline phosphatase activities . . . . . . . . . . . . . . . . . .. 122 

6. 3. 2.4. Effects on oxalate exudation . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  123 

6. 3. 2. 5 Effects on BGPR dissolution and soil P fractions . . . . . . . . . . . . . . . . . . . . . .  123 

6.4 Conclusions ........................................................................................................ 1 27 

CHAPTER 7 

Attempts to develop a 14C02 pulse labelling technique to quantify 

the active external mycorrhizal hyphae in soil 

7.1 Introduction .. ..................................................................................................... 129 

7.2 Materials and methods ...................................................................................... 130 

7.2. 1 Soil and seedlings . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .  l30 

7.2.2 I�C pulse label ing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  130 

7.2.3 Plant and so il sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .  133 

7.2.4 Measurement of hyphae length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . .  133 

7.2.5 Analysis of I�C activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 

7. 2. 5. 1 f.lC in air samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133 

7.2. 5.2 Total C and l-lC in shoot, root and soil samples . . . . . . . . . . . . . . . . . . . . . . . . . 134 

7.3 Results and d iscussion .................................................. ..................................... 134 

7.3. 1 Dry weight of seedling fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . 134 

7.3.2 I �C changes in air samples . . . . . . . .. . . . . . . . . . . . . . . . . . . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 

7.3. 3  I�C distribution in plant and soil . . . . . . . . . . . . . . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  137 

7. 3. 3. 1 1-lC allocation in shoot-root-soil system . . . . . . .. . . . . . . . . . . . . .. . . . . . . . . . . . . . . .  137 

7. 3. 3.2 l'/C distribution in the soil in the lower compartment .. . . . . . . .. . . ... . .  139 

7.3.4 Hyphae act iv ity in the so il of the lower compartment .. . . . . . . . . . . . . . . . .. . . . .. . . . . . . 139 

7.4 Conclusions ........................................................................ ................................ 1 43 

CHAPTERS 

Summary, conclusions and 

recommendations for future work 

x 



8.1 Need for the study ......... . . . . . . ... ... ...... . . . ............... ........... ...... .............. ............... .. 145 

8.2 Main findings of this study .......... . ...... ... ... . ...... ...... . . . . ... . . . . . . . . ........ .............. ...... 146 

8.2.1 P. radiata root processes increase soil phosphatase activity and 

thereby increase soil organic P mineralisation rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  146 

8.2. 2  P. radiata rhizosphere processes are able to induce so il 

acidification thereby solubil ise poorly soluble P R-P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 

8.2.3 P. radiata root-induced changes in rhizosphere oxalate 

concentration are highly var iable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  148 

8.2.4 P. radiata rhizosphere processes have a greater potential to 

mobilise sol id phase so il P than the understorey grass rhizosphere 

processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  148 

8.2.5 P. radiata rhizosphere processes are greatly associated w ith ECM 

hyphae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  149 

8.2.6 F inally-divided reactive phosphate rocks (RP Rs) are effective P 

fertil isers for P. radiata in Allophanic Soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  150 

8.2.7 Soil P fertility influences ECM formation on P. radiata roots . . . . . . . . . . . . . . . . . .  150 

8.2.8 1 4C02 pulse-labell ing technique may have the potential to 

indirectly estimate the density and distribution of active 

ectomycorrhizal hyphae in so il . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  151 

8.3 Recommendations for future work ... ...... .... . . . . ....... . . . ...... .................... . ........ ..... 1 5 1  

REFERENCES ............................................................. ........................ 153 

Xl 



LIST OF TABLES 

Table 2 .1  Estimated annual P uptake by and return from Pinus radiata at wide 

range of plantations in New Zealand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

Table 2.2 Past P fertiliser use in forestry and predictions of use in 2025 under 

three scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

Table 2.3 The mycorrhizal characteristics and their fungal symbionts associated 

with Pinus radiata in New Zealand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 

Table 2.4 Stabil ity constants of AI-organic acid complexes and solubility of 

common crystalline phosphate compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

Table 3.1 Characteristics of the soil and Sechura phosphate rock used in the 

study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

Table 3.2 The effect of different rates of Sechura phosphate rock (SPR) on the 

(A) growth and (B) P nutrition of P. radiata seedlings in the 10-

months pot trial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49 

Table 4.1 Root induced changes in hyphal length density, soil organic matter 

content and disso lved organic carbon in soil so lution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66 

Table 4.2 Relat ionships between so il P fractions and organic matter content and 

the P fractions as a percentage total P in Allophanic and Pumice 

Soils (0 - 150 mm depth) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  74 

Table 5.1 P fractions (J..lg gol soil) in so il, pine needle-powder, and mixtures of 

so il and p ine needle-powder used to pack the RSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  86 

Table 5.2 Percentage ofBGPR dissolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96 

Xli 



Table 6.1 Effects ofP fertilisat ion and ECM inoculat ion on growth and P 

uptake of P. radiata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  115 

Table 6.2 Effects of P fertil isation and so il treatments on selected so il 

properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  120 

Table 6.3 Effects of P fertilisation and so il treatments on soil phosphorus 

fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  125 

Table 7. 1 Distribution oftotal injected 14C in different components of P. 

radiata shoot-root-soil system at 48 hrs after 14COZ pulse label ing . . . . . . . . . . .  138 

Table 7.2 Regression equations describing the relationships between hyphal 

length density (y) and 1 4C activit ies (x) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  142 

xi i i  



LIST OF FIGURES 

Figure 2. 1 Phosphorus partitioning in 29-year-old Pinus radiata tree (kg ha-I ) . . . . . . . . . . . . .  7 

Figure 2.2 The phosphorus cycle in a second-rotation ( 17 to 29-year-o ld) Pinus 

radiata forest system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1  

Figure 2.3 A conceptual model for nutrient availability in the mineral soil-root 

system . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 

Figure 2.4 A correlation between concentration of oxalic acid and phosphate in 

root free bulk soil colonised by different ectomycorrhizal fungi and 

non-mycorrhizal control soil .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... . . . . . . . . . . . . . . . . . . . . .  '" .. .. .. .... . 30 

Figure 2.5 A conceptual model for the production and action of oxalate on 

avai lability of inorganic P ( PD in the soil .  . .. . . .. . ...... .. . . . . ..... .... .. . .. . .  '" . . . .. .. . . . .  30 

Figure 2.6 The correlation between acid phosphatase activity and organic P 

concentration (A) and between mycelial hyphae length and acid 

phosphatase activity (8) in the rhizosphere soi l of 80-year-old 

Norway spruce [Picea abies (L . )  Karst . ] .  (A) - Correlation between 

phosphatase activity and Po concentration in water (D) and HCI 

extracts of the humus layer (.) . . . .. . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . .. . . . . . . . . . . . .. . . .. 35 

Figure 3. 1 Effects of P rates on soil pH (A) and soi l so lution pH (B). Vertical 

lines across data points show SE  of means . . . . . . . . . . . . . .. .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 1  

Figure 3.2 Effects of P rates on the acid (A) and alkaline (B) phosphatase 

activities in the rhizosphere ( closed bars) and the bulk ( open bars) 

soils where P. radiata seedlings were grown for 10 months. Vertical 

lines on top of bars show SE of means . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .  53 

Figure 3.3 Effects ofP application rates on soil res in-P (A) and NaOH-Pj (B) in 

the rhizosphere (closed bar) and the bulk soils (open bar) . Vertical 

lines on top of bars show SE  of means . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 

XIV 



Figure 3.4 Effects of P application rates on soil NaOH-Po (A) and H2S04-P (8) 

in the rhizosphere (closed bar) and the bulk soils (open bar) .  Vertical 

l ines on top of bars show SE  of means . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .  56 

Figure 3.5 Effects o f P  appl ication rates on soil residual-P (A) and total-P (8) in 

the rhizosphere (closed bar) and the bulk so ils ( open bar) . Vertical 

l ines on top of bars show SE of means . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . 5 7  

Figure 3.6 Sechura P R  dissolution i n  soils where P. radiala seedl ings were 

grown for 1 0  months . Open bars - bulk soi l ;  C losed bars -

rhizosphere soil; Vertical l ines on top of bars - SE of means . . . . . . . . . . . . . . . . . . . . .  58 

Figure 4. 1 An i i lustration of the so il profile for collecting roots and rhizosphere 

soil in a P. radiata p lantation . . . . . .. .. . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64 

Figure 4.2 Concentrations of oxalate, Al and P in the soil solution. Same letters 

within the item bars indicate no s ignificant difference at P < 0. 1 ;  and 

l ines show SE of means . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  68 

Figure 4.3 Relationship between oxalate concentration and Al concentration in 

the soil so lution of radiata p ine rhizosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 

Figure 4.4 Root-induced changes in so il acid phosphatase activity (A) and 

alkal ine phosphatase activity (8) at Kaweka forest (Allophanic Soil) 

and K inleith forest (Pumice Soil) . . . . . . . . . . . . . . . . . . . . . . . . . '" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 

Figure 4.5 Root-induced changes in concentrations ofresin-P (A) and O. llv! 

NaOH-Pj (8) at Allophanic and Pumice So ils . . . . . . . . . . . . . . . . . . . .  '" . . . . . . . . . . . . . . . . . . . . .  75 

Figure 4.6 Root-induced changes in concentrations of 0. 1 M NaOH-Po (A) and 

H2S04-P (8) at Allophanic and Pumice Soils . .. . . .  '" '" . .. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .  76 

Figure 4.7 Root-induced changes in concentrations of residual-P (A) and total-P 

(8) at Allophanic and Pumice Soils . . .. . . . . . .. . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .  77 

Figure 4.8 A conceptual model showing the effect of root processes on soil 

phosphorus availabi l ity under second rotation P. radia la plantation . . . .. . . . . . .  79 

xv 



Figure 5. 1 An illustration of the rhizosphere study container installation in a 

one-year-old Pinus radiata plantation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . , . . . . .  85 

Figure 5.2 Hyphal length density in soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . .. . . . .. .. . . . . . . . . . . . . .  91 

Figure 5.3 Roots/hyphae-induced changes in soi l  pH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 

Figure 5.4 Relationship between hyphal length density and pH in the soils of 

the RSC lower compartment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 

Figure 5.5 Roots/hyphae-induced changes in soil acid CA) and alkaline (B) 

phosphatase enzyme activities . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . ... . .  94 

Figure 5.6 Relationship between hyphal length density and acid phosphatase 

enzyme activity in the so ils of the RSC lower compartment . . . . . . . . . . . . . . . .. . . . . . .  95 

Figure 5.7 Concentrations of resin-P (A) and 0.1 MNaOH-Pi (B) in the RSC 

lower compartment soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98 

Figure 5.8 Concentrations of H2S04-P (A) and 0 . 1 M NaOH-Po (B) in the RSC 

lower compartment soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . .  99 

Figure 5.9 Concentrations ofresidual-P (A) and total-P (B) in the RSC lower 

compartment soils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  '" .. , ....... . . '" ...... '" .. . . . . . . . . . . . . . . .. . . . . . . . . .  100 

Figure 5.10 Relationship between hyphal length density and pH in the soils of 

the RSC lower compartment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .. .  103 

Figure 6.1 Relationship between ECM root t ip density and P concentration in 

shoots (A) and roots (B) of P. radiata seedlings . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .  117 

Figure 6.2 Relationships between ECM root t ip density and the difference in 

soil pH between the rhizosphere and bulk soils . ... . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .. . . . . 122 

Figure 6.3 Concentration of oxalate in so il solution . . . . . . . . . . . . . . . . . . . . . .. . . . ... .. . . . . . . . . . . . . . . . . . . .  124 

Figure 7. 1 Schematic representat ion ofthe root study container (RSC) 

technique . . . . . . . . . . . . . . . . . . . .. . . . . . . . '" .. . ... . .. . . .  '" ... . . . . . .  . . . .. . ... ...... ... . . .  ...... ...... .. ....... 131 

XVI 



Figure 7.2 Dry weight of seedling fractions in three mesh pore-s ize treatments 

(Line on the top of bars show 1 SE of mean) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 35 

Figure 7.3 Changes in 14COZ activity in bags enclosing pine seedlings w ith  

increased time after 14C02 pulse label ing (A - measured by air 

samples; 8 - counted by a Geiger counter; l ine bars - ± 1 SE) . . . . . . . . . . . . . . . . .  1 36 

Figure 7.4 Changes in i4C activity (A) and specific activity (8) in the so il at the 

lower compartments (Mean ± 1 SE) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140 

Figure 7.5 Changes of hyphal length density with distance from mesh in the 

lower compartments soils ( lines show ± I SE) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  141 

Figure 7.6 Relat ionship between 1 4C activity and hyphal length density in the 

lower compartment soil for all mesh pore-size treatments . . . . . . . . . . . . . . . . . . . . . . . .  142 

Figure 8. 1 A conceptual mode l of the rhizosphere processes governing P supply 

and uptake by P. radiata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 46 

XVII 



LIST OF PLATES 

Plate 2.1 Pinus radiata plantations grown on an Allophanic Soil having low 

plant-available P ( Bray-P < 4 flg g-l soil) at Kaweka Forest (Top: 4-

year-old second-rotation trees: Bottom: approximately lO-year-old 

frrst-rotation trees) .......... . .. ..... . .. .. . ................... , . .. . ............................... . . .. ,., . . .. 9 

Plate 2.2 The root system of a young (approximately 1 . 5 -year-old) P. radiata 

seedling grown in Kaweka Forest in New Zealand ............................... ......... l4 

Plate 2.3 Ectomycorrhizal fungi infected fine roots of P. radiata . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . .  1 4  

Plate 2.4 Pinus radiata + Rhizopogen rubescens mycorrhizas ..... ......... ... . . ... . .............. 1 8  

Plate 2.5 Pinus radiata fine-root tip associated with mycorrhizal hyphae ...... ... .. . ...... . .  1 8  

Plate 3.1 Effect ofSechura PR application rate on seedling gro\vth ........ ......... ........... 48 

Plate 4.1 Roots of P. radiata with attached rhizosphere soils . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . .  64 

Plate 5.1 Installation of RSCs in the one-year-old P. radiata plantation at 

Kaweka Forest., . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87 

Plate 5.2 The microtome using to slice the soil in the lower compartment of 

RSC ... . ..... ...... ...... . ... .. . ..... . .......... . . . .......... ........... , .. ....... .. ........ .... ...... ............ 89 

Plate 5.3 An overview of the interfaces between upper (top) and lower (bottom) 

compartments after dismantling of the RSCs .. .. . .. . .. . ..... ..... . ... .. .. .... . . .... . . . . .... . 91  

Plate 6.1 Sporocarps of Rhizopogen rubescens Tu1.(top) and Stlillus luteus (L. 

ex. Fr.) S. F. Gray (bottom) ......... . ......... ........... .................. ........................ 1 09 

Plate 6.2 Pinus radiata seedlings inside the glasshouse . ... . . .. ............ ............. . .......... 1 1 0 

Plate 6.3 P. radiata root systems at various mycorrhizal inoculations and BGPR 

fertiliser tratments . .. . . . ..... . .. . .. . . .. . . .... ... . ... . ....... . . ... . . . . . . . . . . . . . . . . ... .. 1 14 

xvii i  



Plate 7.1 14C02 pulse-label le d  onto the shoots of seedlings grown in two-

compartmental rhizosphere study containers (RSCs) in a glasshouse . . . . . . . . . .  131 

XIX 


