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ABSTRACT

During the last five years, there has been an increase in both the area of irrigated pasture
in New Zealand and the intensity of this irrigation. Research has failed to keep pace
with this change: the benefits of irrigation to pasture production have not been studied
in a sustained manner since the 1980s. Since then a number of factors have changed
including; a change in the type of irrigation system commonly employed, the productive
potential of new pasture cultivars, an appreciation of the importance of relationships
between water and nutrient uptakes by plants, and a heightened awareness of the

environmental implication of irrigation.

It is claimed that the ability of irrigation systems such as centre pivot and long lateral
systems to increase irrigation frequency affords a major advantage to pasture
production. As yet, these claims are largely unsubstantiated in New Zealand. In
addition, there has been no research of the mechanisms or processes that might account
for this phenomenon. The study described here set out to quantify the benefits of more
frequent irrigation (in the readily available water range) to ryegrass and white clover
production, including the relationship with increased nutrient status, and to elucidate the

mechanism(s) that might explain this response.

The responses of ryegrass and white clover to irrigation frequency (within the readily
available water range) and nutrient addition, particularly phosphorus (P) were
investigated with a pot experiment using Ramiha silt loam. The rate of fertiliser addition
to the pots had a significant and consistent effect on a number of indicators of ryegrass
and clover performance including total yield. In contrast, irrigation frequency did not
significantly or consistently affect total pasture production. It was concluded that when
soil, nutrients and plants roots constitute a relatively homogenous mix (i.e. the pot
environment), more frequent watering is not significantly advantageous to plant growth

and, therefore, all of the readily available water is equally available.



Although there was no response in pasture production to irrigation frequency in the pot
experiment, it was hypothesised that irrigation frequency (in the readily available range)
in the field, where P values vary with depth in the soil profile, would affect pasture
production. The response of swards of ryegrass and white clover growing in Manawatu
fine sandy loam to irrigation frequency and P status was measured in a field experiment
during the summer of 2000/01. Three irrigation frequencies within the readily available
water range (irrigation triggered at soil water deficits of 20 mm (I-20), 40 mm (I-40) or
60 mm (I-60)) were combined with two P fertility treatments (no P fertiliser added or 40
kg P ha™' applied). For comparative purposes, there were also 4 non-irrigated, non-P
fertilised plots outside the main trial block. Plant production, nutrient content of plant
material, soil moisture content, soil N and P contents, and nitrate-N, ammonium-N and
phosphorus concentrations of soil water samples were measured. The herbage on the

plots was cut and removed i.e. there was no grazing.

In the field, irrigation frequency had a significant effect on ryegrass and clover
production. Irrigation of ryegrass and white clover at 1-20, over the summer period
resulted in the greatest pasture production and was associated with the most efficient
water use (defined as k with units kg DM ha™") of the irrigated treatments, I-60 gave the
smallest production and water use efficiency. Application of the recommended quantity
of P fertiliser (40 kg ha) significantly enhanced total pasture production and hence
water use efficiency. Soil P and N was most concentrated in the surface soil. The results
of the field trial support the hypothesis that ryegrass and white clover production is
greatest when the plant is taking most of the water it requires from the surface soil
where nutrients are most concentrated i.e. the frequent (I-20) irrigation case. Production
is smaller when the plant is extracting large quantities of water from depth where

nutrient concentrations are smaller i.e. the less frequent irrigation (I-60) case.



The effects of irrigation frequency and P fertility on root re-growth activity of ryegrass
and white clover swards were evaluated using a modified refilled core method. Root
growth of both species decreased with depth. Fertiliser P application significantly
increased root growth of both species in two of the three sampling depths at the
December and February harvests. In only one root harvest did irrigation frequency
significantly affect root activity. At the April harvest, the greatest root growth in the
surface soil was observed for I-60, P-0 plots. It is suggested that in addition to
encouraging more moisture uptake from nutrient-rich surface soil, an additional benefit
of frequent irrigation is that in soils that are consistently moist, plants need to produce

fewer roots.

A simple water balance model was developed to simulate volumetric soil water contents
in the three depths of the Manawatu fine sandy loam that are most closely related to the
three irrigation frequencies i.e. 0-150 mm, 0-300 mm, and 0-450 mm. The model
illustrates how initially the plants extract most of their water requirement from the
surface soil and then as the profile dries they remove more water from lower depths.
Accordingly, it highlighted differences in soil water contents between the irrigation

frequencies particularly in the surface soil (0 - 150 mm).

Soil water sampling was conducted using ceramic suction cups. Estimated total nitrate-
N losses until 31 July, 2001 indicated that irrigation frequency of ryegrass during the
previous summer did not have a major effect on the overall nitrate-N leaching losses
during the late autumn/early winter period but nitrate-N losses under clover tended to be
lower under less frequent irrigation. P and ammonium-N leaching losses were

negligible.

Using the understanding developed in the pot and field trials, a model was constructed

to predict ryegrass and clover production on Manawatu fine sandy loam under the



different irrigation frequency and P fertility regimes. The model relates pasture
production (G) to evaporation from a series of soil water deficit ranges (E;) according to
G =kE|+ kE;+...+ k,E, (Where kE; is the pasture production when soil water is in
the i soil water deficit range, and k; is the water use efficiency when soil water is in the
i soil moisture deficit). The & values were derived using the production data from the
field trial. The model was used to simulate the effect of irrigation frequency and P
fertility on seasonal (1 November to 30 April) pasture production for a range of climate

conditions using the past 26 years weather data.

The simulation illustrates how pasture production under irrigation varies markedly with
climate, irrigation frequency, P fertility status and the ryegrass:clover composition of
the sward. Increasing irrigation frequency from I-60 to [-20 increased pasture
production, on average, by 1473 kg DM ha" (23%) and 1105 kg DM ha™' (19%) for P-0
and P-40, respectively. For the farmer contemplating the adoption of irrigation, the
purchase of a system that allows more frequent irrigation is as significant a
consideration as the decision to adopt irrigation itself. On a cautionary note, the model
suggests that 1-20 irrigation typically increases drainage losses by about 40 mm (42%)

compared to I-60 irrigation.



This thesis is dedicated to my father (late
Mr.H.A.Mohotti Appuhamy), mother
(Mrs.G.Meyhamine) and brother (late
H.A.Peries) and teachers, all of them

expected me to fulfil this task one day.



& Massey University

COLLEGE OF SCIENCES

nstitute of Natural Resources

Te Kuwa Matasage o nga Taoge 4 Papetianusu
Soll & Earth Sclences

Private Bag 11 222,

Pakmerston North,

New Zeatand

Telephone: 64 6 356 9099

Facsive; 64 6 350 5632

11 June 2003

CANDIDATE’S DECLARATION

This 1s to certify that the research carried out for my Doctoral thesis entitled "4 study of the combined
effects of irrigation frequency and phosphorus fertility on summer pasture production", in the Institute of
Natural Resources, Massey University, Turitea Campus, New Zealand, is my own work, and that the

thesis material has not been used in part or in whole for any other qualification.

Candidate’s Name: Hewana Arachchige Sumanasena

Signature: @ﬁﬁé‘

—

Date: ”!hlfD}

Te Kunenga ki Pirehuroa

Inception to Infinity: Massey University's commitment to learning as a life-long journey



<& Massey University .

COLLEGE OF SCIENCES Te Kura Mataraga o nga Taonga 8 Papeheruw
Soil & Earth Sciences
Private Bag 11 222,
Paimerston North,
New Zealand
Telephone: 64 6 356 9099
Facsimde: 64 6 350 5632

11 June 2003

SUPERVISOR’S DECLARATION

This is to CERTIFY that the research carried out for the Doctoral thesis entitled "4 study of the combined
effects of irrigation frequency and phosphorus fertility on summer pasture production”, was done by
Hewana Arachchige Sumanasena in the /nstitute of Natural Resources, Massey University, Turitea
Campus, New Zealand. The thesis material has not been used in part or in whole for any other
qualification, and I confirm that the candidate has pursued the course of study in accordance with the

requirements of the Massey University regulations.

Supervisor’s Name: David J. Horme

Signature: %HML :

Te Kunenga ki Purehuroa

Inception to Infmity: Massey University's commitment to learming as a life-long journey



& Massey University i

COLLEGE OF SCIENCES TeKua M3asags 0nga Taonge & PaE Bk
Soll & Earth Sclences
Private Bag 11 222,
Paimerston North,
New Zaaland
Telephone: 64 6 356 9099
Facsimile: 64 6 350 5632

11 June 2003

CERTIFICATE OF REGULATORY COMPLIANCE

This is to certify that the research carried out in the Doctoral thesis entitled:

"A study of the combined effects of irrigation frequency and phosphorus fertility on summer pasture

production", in the Institute of Natural Resources, Massey University, Turitea Campus, New Zealand:

(a) 1is the original work of the candidate, except as indicated by appropriate attribution in the test an/or
in the acknowledgements;

(b) that the text, excluding appendices/annexes, does not exceed 100,000 words;

(c) all the ethical requirements applicable to this study have been complied with as required by Massey
University, other organisations and/or committees which had a particular association with this

study, and relevant legislation.

Please insert Ethical Authorisation code(s) here (if applicable):

Candidate’s Name: Hewana Archchige Sumanasena Supervisor’s Name: David J. Horne

Signature: W Signature: %J Hﬂ""‘“—-

Date: 1 Q’I;A) PR Date: !l Jure w03

Te Kunenga ki Purehuroa

Inception to Infinity: Massey University's commitment to leaming as a life-long journey



ACKNOWLEDGEMENTS

I wish to express my sincere gratitude to the following people.

First and foremost, I thank my chief supervisor Dr. David Home, who gave guidance,
inspiration, enthusiasm and support throughout the course of this project. I thank Dr
Peter Kemp for collaborative efforts and comments on agronomic aspects of this study
in his capacity as co-supervisor. I thank my other supervisor Dr. David Scotter for his
enthusiasm, encouragement, and guidance from the very initial correspondence, while I

was looking for a study opportunity from Sri Lanka.

I thank Dr. Cory Matthew who gave a major contribution and momentum to the root
work and statistical analyses component of this study. Associate Professors. Mike
Hedley and Nanthi Bolan advised me on selection of P fertiliser testing levels and
helpful discussions on soil chemistry aspects. Thanks are also extended to Duncan

Hedderly, for statistical advice.

I thank Mr. M.AR. Kularthne, Dr. P.J. Wickramasighe, Mr. W.D.L. Gunarathne and
Dr. RS. Kularathne and many other friends of Department of Export Agriculture, Sri

Lanka for their encouragement and support for instigating this endeavour.

Thanks are extended to Institute of Natural Resources(INR) and Fertilizer and Lime
Research Centre( FLRC) staff particularly to; Dr. Loga Loganathan, Lance Currie, Ian
Furkert, Bob Toes, Mark Osbome, Chris Rawlingson, Ross Wallace, Mike Bretherton,
Jens Jorgensen, Kevin Harris, Dean Richards, Adam Mackres, Lyndsay Sylva, Lesley
Taylor, Callum Eastwood, Ai Lih, Anne West, Glenys Wallace, for their kind

friendship, provision of up-to-date equipment and help with the pot trial in the

vii



glasshouse, field experiment, laboratory analyses and computer work. I have also had
the kind support of Moira Hubbard, Denise Brunskil, Irene Manley, Denise Stewart,
and Pamela Howell to whom I am very grateful. The efforts of Ex-INR staff, Roger

Levy, Ray Johnston, Ruwan Dissanayake and Hera Kennedy are also acknowledged.

Many thanks to; Andrew Manderson, Stephen Trolove, Asoka Senarath, Parakrama
Aluwihare, Tin Maung Aye, Mamiek Uthami, Entin Daningsih, Pyone Pyone, David
Houlbrooke, Tony Ridge, Christian Hepp, Saman Bowatte, @ Nihal Walikala,
Vignanasingham, Tara Pandey, Tehseen Aslam, and many other fellow postgraduates in
the Institute of Natural Resources with whom I shared knowledge, many beautiful

moments, friendship and help in many ways.

I thankfully acknowledged the following scholarship providers: Helen E Akers PhD
Scholarship, D.G.Bowler Scholarship for post-graduates in soil water management, and

Pastoral Science Scholarship.

My heartfelt thanks to Tony and Janine Rasmussen, Dara Trin, Phim Phoung, baby
Chantrear Trin, Sarak Sum, James Hanley and Jenny Hazelenger for their friendship and
help and provision of spiritual needs during my study in New Zealand which has been

so enjoyable for me and my family.

Furthermore, I thank all other people who helped me during my study and are not

mentioned here.

I would like to extend my kind gratitude to my parents-in-law for looking after my

loving mother during my stay abroad in New Zealand.

At last but not least, my profound gratitude to my wife, Ramanie Badrika Kumari

Atapattu, who has made my work possible and for bringing our family cheer and

viii



happiness; Ramanie left everything and sacrificed her own career to accompany me to
New Zealand and without her continuous infusions of love, support, encouragement and

above all PATIENCE!... I just couldn’t have made it.

H.A.Sumanasena (Sena)



TABLE OF CONTENTS

AADSETACE ...ttt ettt ettt e eh e et e e e e e be e be e s ne e e e abe e b e n e et e eanenaenean i
AcKNOWIEdZEMENLS .......couiiiiiiiiiiiiii e vii
TABLE OF CONTENTS ... .ottt ettt ettt be s et see et X
APPETIAICES . ...ttt ettt et ettt et sat e et s e et e et e et et e s he e beeatesae s b as Xiv
LISt Of TaDIES.c..eeeiiiriiiieiee ettt ettt ettt et st s bt et et e st e satesaenaens XV
LiStS Of FIGUTIES. ...ccuiiuiiiiiiiieiienit ettt ettt sttt sae s et see e e XViil
LISt Of PLateS.....eeiiiiiiiiiieieee ettt ettt st aeas XX1i1
CHAPTER 1 GENERAL INTRODUCTION AND RESEARCH OBJECTIVES.....ccccceeeeeccsccnnaneenees 1
1.1. INTRODUCTION ......oiiiiiiiiiieeieeieieereeesie et ettt sae e e sbe e sae e essesae e e e ssesnenens 1
1.2. RESEARCH OBJECTIVES .......ooiiiiiiiietee ettt et 4
CHAPTER 2 LITERATURE REVIEW..uucuiiiiuiinssaessunssessanssssessanssssssssssssassssssassasssassassssssasssssss 7
2.]1. INTRODUCTION......cottiuiiiiiiiiieitee ittt sae e sbs e s san e saae s s s aa s esaesaeesas et e sraesaas 7
2.2. SOIL-PLANT-WATER RELATIONSHIPS .....cccceeiitiiiiiaieenneenaneeenresreeeereeseeessnaeseeneas 7
2.3. RESPONSE TO IRRIGATION ....ccceeeeiiurrreereeeeeeeeeeeeeeeesennnnsnnnsnnsesessnnseessessnsssesaeessens 13
2.3.1. Pasture growth response to Irrigation..........cccveeeeeueieersieenieeeieeeeeeeseenaeens 13
2.3.2. Effect of irrigation frequency on pasture ........c...ccoceeveerveeereenenenenseennenes 15
2.3.3. Combined effect of soil fertility and irrigation .......c...cceceeveeveceenceceencnnne. 19
2.3.4. Water uSe effiCIENCIES ......ccoeeiiiiieiieiieitee ettt 20
2.3.5. Root system response to different irrigation and fertiliser treatments...... 21

2.4. ENVIRONMENTAL IMPLICATIONS RELATED TO IRRIGATED PASTURE .................. 23
2.5. MODELLING INTENSIVELY MANAGED IRRIGATED PASTURE PRODUCTION............. 25
2.5.1. Principles of MOdEIlNg .........ccocueiiiriiininiiiiinicecieceeeeeseeeeeeeeee e 25
2.5.2.  Soil water simulation Modelling............ccoccceeiiiiiiiiniiieinerireeeceeeeeeeee 26
2.5.3. Application of proportionality constant (k) of pasture growth model....... 28

2.6. CONCLUSION......ccotteutetetententteteeeeteeie et et et saes saeaes sneeaesmeese st eaeaeeseresaeeae saessenes 31

CHAPTER 3 A POT STUDY OF THE EFFECTS OF IRRIGATION AND NUTRIENT STATUS ON

RYEGRASS AND WHITE CLOVER PRODUCTION ...ccceeesunnrcssnsnesssonsssssnnsnsans 32

3.1, INTRODUCTION.....ceiiutietiriteeteeenteerteeeetentte et e e sasee st esse et enseeesanesnaeeessessesnnennsnenee 32
3.2. MATERIAL AND METHODS ....ccecetittiiieiiniiansnrteeteeeeesssnreeeeeeeseessssessssseesssnssessssnnes 33
3.2.1. Experimental Jayout .........cccooeiiiiiiiiiiiniiiiiniiiciiee s 33
3.2.2. Establishment of pot parameters ............coeceeruereiieenieiieniienenieseeeeeeeeens 34
3.2.2.1. The moisture characteristics of SO1l...........ccceevveiiiiiirciieccieccee e, 34
3.2.2.2. Preparation Of POLS ......ccccevuerierieriieneriiensiee sttt ettt e 34



3.2.2.3. Calculation of pot CApACItY........ceecueerieerumiirienieneerieeee e 34

3.2.3. Irrigation frequency treatments..........ccccueererureiereniecenieeece et 35
3.2.4.  FertiliSEr TAteS....coceiuieeieierieeieieeeete et ste e et eae et ee s e saeeaesseennens 36
3.2.5. MEASUTEMENLS .....ccoviiiriiiiieiiiieee ettt e et st seeane 37
3.2.5.1. Pasture Y1€ld........cccoeevriimiiiiiieeeee ettt 87
3.2.5.2. Leaf @XtENSION .uveeeeeieeieeeiieeerieesiee et e e e eeteeeseeesreeesneesssaeesnneessaeaen e 37
3.2.5.3. Leaf stomatal reSIStanCe .........cccereeeuueerurererienierieeieeseesie e seeseeseeseens 87
3.2.5.4. Plant tissue nitrogen and phosphorus content...........ccccecveereereereennen. 38
3.2.6.  Statistical ANaAlYSES ......cccecoervierieriieieiiterteeee e e 38
3.3 RESULTS oottt ettt et e st st st st e e st e meesaneeneenie 38
3.3.1.  Pasture productiOn.........ccccceereerueeriieiienieeieniesieesiee st e seeeiee e ae e eeaeeaens 38
3302, WALl USC..iiiiiiiieieiiee ettt e s et sare e e s stee e e e e e ssnneeessnaaeesseeeennns 41
3.3.3.  Water use effiCIENCY ......ccueriiriiiieieiiiieeitee e s e s 43
3.3.4.  Leaf eXtenSION TaE .......ccevveieereieiierieienieieeseieceeeeeeeteseesee e e eseeeaesseesesneens 43
3.3.5. Leaf stomatal resistance (S €™ )........oveevrrereueeeeeeeies e seeeeeeeesseseesee e 45
3.3.6. Plant tissue phosphorus (P) content ............cccceeverviieriiiniencienieecieeenens 46
3.3.7. Plant tissue nitrogen (N) CONtENt.........cccceeerueieiienireeeieseeee e eeeeseesaeeaens 48
T ) 0] §130] (6) OSSP R R SRORPR 49
TR T ©10)(] 5101) (0)  F TP 54

CHAPTER 4 FIELD STUDIES OF THE PRODUCTION OF RYEGRASS AND WHITE CLOVER IN
RESPONSE TO THE IRRIGATION FREQUENCY AND P FERTILITY STATUS...55

2500 W 001300 010 1 (0 ). O 55
4.2. MATERIALS AND METHODS .....cocutiiuiiiiiinieiiieeinteesineeneesineeneesnesneesnnesnnesmneennes 56
4.2.1. General deSCIIPLION ......cc.cvuirierieruinienienieniee ettt et e st e 56
4.2.2. Trrigation freqUENCy treatments ..........cocevuerueruenenienrecneeneenresresresesreneesnenne 57
4.2.3. P fertiliser treatments ..........cocceeerveerieeiieniieenienesee e 60
4.2.4. Pasture production ObDSEIVALIONS ..........c.cceerurrreerueenreeereenenieeeeesvesssennsseens 60
4.2.5. Determination of tissue nitrogen and phosphorus concentration.............. 61
4.2.6. Soil sampling and analyses ..........ccceeceerriieeirenieniieneeceere et 62
4.2.6.1. S0il SAMPIINE......coviiriiiiiiiireirineieieee ettt et es e 62
4.2.6.2. Determination of sodium bicarbonate extractable phosphate (Olsen P).
............................................................................................................. 62

4.2.6.3. Determination of nitrate-N and ammonium-N in moist soil.............. 62
4.2.7. Statistical analySes ........c.ccoceeverviiriiiiiiniiiiiieiiecine e 67
4.3, RESULTS ..iiiiieieiiiieeeteeesite et e e e e itte e e saae e e s sateeeeseaeeessnsaeesssssaeesessnneessssssnessnnsnnes 67
4.3.1.  SOil Water CONENL. ......eouiruirieriieierierie ettt ettt sttt et e snens 67
4.3.2. Ryegrass and clover production.........c..ccceeveeerverienenseneeenteniesee s s 67
4.3.3. The relationship between £ and production............ccecceevieriervieeneennennnen. 71
4.3.4. Plant tissue phosphorus (P) content of herbage samples .......................... 72
4.3.5. Plant tissue nitrogen (N) concentration of herbage samples..................... 73
4.3.6. Soil Olsen P diStribUtiOn ..........coceviveiiiiir ittt e 74

xi



4.3.7. Soil mineral nitrogen CONtENt..........ccceeriirierrieeriiieeieereeete e 76

4.4, DISCUSSION ...uiiiiuueeeeetteueeesettaesetataneseetaneeseteenessesennessnstmresssnsesmsesssssssessssesneses 76
4.5, CONCLUSIONS :ttttttuuuuueneeeeseeeennenneesesesssssnnnnnsesssssessssssnessssssssnnnsessesssennsseesssessees 82
CHAPTER 5 MODELLING SOIL WATER CONTENT UNDER IRRIGATION ...ceceeeeeeeeeeecsanenes 84
5.1, INTRODUGCTION. ...cettttttuutttuumeeeeeeeeeeenenneeseseseeensesssssnsssesssnnessssssnsnnsesmssssesssnssnnnnnnns 84
5.2. MATERIAL AND METHODS ...cuuuueeeittiemuuiieeeeeeeeeeemaennnneseseseessssnssseessesssesessmeseseesseees 85
5.3. MODEL DEVELOPMENT ....cctuuttttuteeteetnteeeettneeseesansessesnsssessnssssnssesennsssssnssssssesnnnns 85
5.4, RESULTS AND DISCUSSION ....cotuuuiieiimneereeeneerneeeeenneesesesnesessmessessessssesssessesnnnnns 92
5.5, CONCLUSIONS ... tiettieeeeettteeeeeeeeeeeessanaeaaasaeseeenaasasssenanssesnnnessesnnnesanaasesssesessnnnnnns 100

CHAPTER 6 ROOT GROWTH RESPONSES OF RYEGRASS AND WHITE CLOVER TO P

FERTILISER AND IRRIGATION FREQUENCY ..ccccteeeeserssassesssssssossssssssssssnes 101

(30 W 155 0:0) )04 § (0) - [P 101
6.2. MATERIALS AND METHODS ....cceeeicuuitiiiieeeeeereeesennteeeeeeeeeesssesnnennnnsareseeeeessensnnnens 102
6.2.1. Root sampling procedures and dates.............ceeeueerrurerniieieiieeriieeneeeeenenn 102
6.2.2. Statistical analysiS........cccceeereeerirrenienieieree et 105
(ST TR 04 23] 0 B RSP 106
6.3.1. GENETAL.....ooiieeeieeeeeeeceeeeee e e e aan e e e eeanns 106
6.3.2. Irrigation and Fertiliser effects on Ly .....ccccocevveniininiieniiiniiiiieeeee 107
6.3.2.1. December 2000 root harvest ...........cooveveeverereeeivnieeeeeeeeirreeeeeeeeeenn 107
6.3.2.2. February 2001 root harvest .........c.ccceeiiriininiiinirin e scne e 110
6.3.2.3. April 2001 root harvest ..........ccoceeveeiiirieniieeeeeeeeeeeeeeen 110
6.3.3. Root mean Diameter (RMD)........cccceevuiiiiiiiiriiecieeciee et 114
6.3.4. Ratio of Ly per unit shoot production (Ly:shoot production DM) ......... 115
(ST T B ) (Y01 6151 () S 115
6.5. CONCLUSIONS .....otiiicitieeeteeeeeeitetteeeesisteeeeeessasseeeasseeassnssssasseesanssssessesssssesssesasann 120

CHAPTER 7 NITROGEN AND PHOSPHORUS LEACHING UNDER THREE IRRIGATION

FREQUENCIES a0 2eussseustise seeussssssseseassasssssaanssssansrsiesstesessisecsessassssessassiss 122

7.1, INTRODUCTION.....eivuiiiiiiiititiei ettt sae e saa e st s naesanseneennes 122
7.2. MATERIALS AND METHODS ......coiuuiiiiiiiiniiiiicinteteanse st s sane e sennesneenee s 123
7.2.1. Field SAampliNg....c.coccecuiiiiiiiinienienientciiee ettt 123
7.2.2. Estimation of nitrate-N leaching 10SSes.........ccccceeveriieiniiinencineneceennne 125
7.2.3. Measurement of dissolved reactive P in soil water............cccceeveeeenennnen. 125
7.3, RESULTS .eeoutiuieiiienieietetee st scaee ettt sesae s e aesae s s sse s saesaesne e e e e enaenses 126
7.3.1. DIAINAZE ...ceeoueriieieeiieieeiteteete ettt ettt s er e b sa e b sae eaeeeenneene 126
7.3.2. Nitrate-N in soil water SAmples.........cccceevviervirrieiriiieniieniie e 126
7.3.3. Correlation between nitrate-N in soil water and soil samples................. 128
7.3.4. Estimated nitrate-N leaching 10SS€S .......cccccceeviiviirreniinceniiinieeeeene 129
7.3.5. Dissolved reactive P in free draining soil water samples.............c.......... 131

Xii



7.4, DISCUSSION ...coooiuiiiiiiuireetinurteeeenieeeesessreeesseteeesaasnrereeessasnnnreeessesnnnneeeenseesonneeans 131
7.5. CONCLUSION

CHAPTER 8 SIMULATION OF PASTURE PRODUCTION UNDER THREE IRRIGATION AND

TWO PHOSPHORUS FERTILITY REGIMES ...ceeeueeiecernannneccceesansssssessssssssssnsss 137
b R 0 0330 0) 60 () FR TR 137
8.2. THE PASTURE GROWTH MODEL ...ccootttttttiiieeeeeeeieieernneeeeeeernnieeesesersnnosssssssssssanes 139
8.2.1.  The CONCEPL ....ceeiiiiiiiiiiiiiiiecececre e 139
8.2.2. Use of k values to predict pasture production in 2000/2001 ................... 145
8.3. PREDICTION OF LONG TERM YIELD VARIATION, IRRIGATION WATER

REQUIREMENTS, AND DRAINAGE .....uuurtiiiieeeeeeeeiiitnrreeeeseeeeeeeeeeinrssssnesseeeenesneeens 147

8.4. RESULTS AND DISCUSSION ....cotuuunieitunnieeeemneeeetnneeeeeenessessnessssneseesnmessesssmnonnnes 150
8.4.1. Pasture YIEld......cooceiiiiiiiiiiei et 150
8.4.2. Irrigation water rEqUITEMENTS.........ccuervueeieruienieerierteseeeieeseeeeeseeeseeeneeeeas 155
8.4.3. Deep drainage LOSSES .......c.eeeeruerirrieriiniirieieeee ettt 158

8.5, CONC CLUSIONS ...t e eneeeeeeeas 159
CHAPTER 9 SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH ...ccccccceeeeeeneeeneanees 161
L 2 N 051 . 08 2 3 161
9.2. SUGGESTIONS FOR FUTURE RESEARCH ....ccooittiuieiiieiiiiiieeeeeeeerrennnneeseseeernnnneenes 165
REFERENCES ST M W N SS— S S— 168
APPENDICES ..ottt e e e e e s e seseeeeeeeseesasesesesesasaseseseessssssssnnnnnnns 189

xiii



Appendix 3.1

Appendix 3.2

Appendix 4.1

Appendix 4.2

Appendix 4.3

APPENDICES

Determination of fertiliser application rates for pot experiment
using equilibrium phosphorus iSotherm...........ccccceeeevenieniienieneenenenes 189

Mean values of production (g DM/pot) for each harvest date
for ryegrass and CIOVET. .......cccoecuiieiiiiiiieiiiicciieetee e 194

Working water balance sheet up to 450 mm assumed root zone
for the field trial site from December 2000 to April 2001. .................. 195

Soil volumetric water contents for non-irrigated non-P
fertilised plots during January to April 2001. ........ccccoiivinmiiincnnnnn 200

Soil test Olsen P (mg kg’ soil), nitrate-N (mg kg™ soil),
ammonium-N (mgkg' soil) in non-irrigated non-P fertilised

plots at different sampling depth on 24 April 2001. .........c.cceeveeienens 203
Appendix 4.4 Mean values for soil ammonium-N (mg kg soil) at different

sampling depths for the experimental site on 24 April 2001. ............ 204

Calculating potential evapotranspiration.............ccceeeevereerererereevennen. 205

Appendix 5.1

Appendix 6.1

Appendix 7.1

Discussion of development on refilled core technique and
associated statistical analyses.........c.ccevvirriiiiniiiiniieerieee e 209

Correlation between nitrate-N in soil water samples and KCI
extracted nitrate-N in profile soil samples...........cocevevveeniniieniinnennn 212

Xiv



Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

LIST OF TABLES

Effects of irrigation return interval and soil type on pasture
production over January-April (mean 1993-1995) (after Moss
€1 AL, 1996). ..ot 16

Pasture production (kg DM ha') from Winchmore research
trail — average of 34 years (after McBride, 1994).........cccocvviinrrnnnnne. 17

Pasture production (ton DM ha) on MacKenzie shallow stony
soils under three border strip irrigation regimes (after Paton
and Greenwood,1994). .........occuiieiiieieeee e 17

Nutrient application rate (kg ha') for the three fertiliser
tTEALIMENLS. ...vviiviiiiiiiiiiice e 36

Mean values indicating the effects of irrigation and fertiliser
on the total production (g DM/pot) of ryegrass and clover.................... 41

Mean values indicating the effects of species, irrigation and
fertiliser on the water use (kg water /pot) of ryegrass and
(+) (o) o s PR e IO Y . o 42

Mean values indicating the effects of species, irrigation and
fertiliser on the WUE (g DM kg' water) of ryegrass and
o] (o B e I o O oot O VO OO 44

Mean values indicating the effects of species, irrigation and
fertiliser on the leaf extension rate (mm day™) of ryegrass and
ClOVET. .ttt et e et ne e nene e 46

Mean values indicating the effects of species, irrigation and
fertiliser on the stomatal resistance of leaf (s cm™) of ryegrass
ANA CIOVET. ...ttt sttt st 47

Mean values indicating the effects of species, irrigation and
fertiliser on the plant tissue P concentration (%) of ryegrass and

Mean values indicating the effects of species, irrigation and
fertiliser on the plant tissue N concentration (%) of ryegrass
ANA CLOVET. ...ttt ettt ene e e e ene e 50

XV



Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 5.1

Table 5.2

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Details of Nitrogen fertiliser (NH4NOs3) application for
TYEEIASS PLOLS...ociuiiiiiiiiiiiie e 61

Mean values for ryegrass and clover production (kg DM ha™)
for the irrigation period in 2000/2001 (23 November to 30

Mean values of P concentration (%) of herbage harvested on 13
March 2001, ..o 73

Mean values of N concentration (%) of herbage harvested on
13 March 2001 ...t ettt 74

Mean values of Soil Olsen P (mg kg' soil) at different
sampling depths for the experimental site on 24 April 2001. ................ 75

Mean values soil nitrate-N (mg kg™’ soil) at different sampling
depths for the experimental site on 24 April 2001........cccceevverierinnen. 77

Soil volumetric water contents (m> m™) at different pressure
potentials for the samples from the profile at the experimental
] L= SRS PPPPR 88

Number of days between 1 January to 30 April 2001 on which
soil water deficit was greater than stipulated deficit ranges for
respective irrigation frequency treatments. ............ccceeveereeerieenncnieenen. 99

Distribution of root length density Ly (cm root cm™ soil) and
dry mass density (mg root cm™ soil) with soil depth, Values in
parentheses are the mean percentage values. ..........cccoecvuevveeeceenieennnen 107

Distribution of root mean diameter RMD (mm) with soil depth. ........ 108

Mean root length density, Ly (cm root cm soil) for ryegrass
and white clover without (P-0) or with P fertiliser (P-40),
harvested in December 2000. 1-20, 1-40, I-60 are irrigation
treatments as described in the text. .........cccooeevivieiiiiiniiecce e, 109

Principal component analysis (PCA) results to determine
interaction between layers at the December 2000 harvest. .................. 110

Mean root length density, Ly (cm root cm™ soil) for ryegrass
and white clover without (P-0) or with P fertiliser (P-40),
harvested in February 2001. 1-20, I-40, I-60 are irrigation
treatments as described in the text. ......cccccoevirriiiniieniiiieneeceeee 111

XVi



Table 6.6

Table 6.7

Table 6.8

Table 6.9

Table 7.1

Table 7.2

Table 8.1

Table 8.2

Table 8.3

Table 8.4

Principal component analysis (PCA) results to determine
interaction between layers at the February 2001 harvest. .................... 112

Summary of the main effects of irrigation on Ly (cm root cm™
soil) at the April 2001 harvest..........cccoecieiiiiiiiieenieeeee e 112

Mean root length density, Ly (cm root cm™ soil) for ryegrass
and white clover without (P-0) or with P fertiliser (P-40),
harvested in April 2001. 1-20, I-40, I-60 are irrigation
treatments as described in the text. ........cccoeeiiiiiiniiiniiiieeereee 113

Principal component analysis (PCA) results to determine
interaction between layers at the April 2001 harvest.............cc.ceeuee.e. 114

Summary of the nitrogen that was; added as fertiliser, removed
in harvested material, and leached (kg ha "1 for ryegrass plots
for the periods 23 November 2000 to 14 May 2001 and 23
November 2000 to 31 July 2001. Values in parentheses denote
the nitrate-N loss as a percentage of applied fertiliser N. .................... 132

Summary of the nitrogen that was; removed in harvested
material, and leached (kg ha ™) for clover plots for the periods
23 November 2000 to 14 May 2001 and 23 November 2000 to
3T July 2001, ettt e 133

Proportionality constant (k) values for different soil water
deficit ranges and P treatments. The units of k£ are kg DM ha™!
T et 144

Mean soil Olsen P (mg kg'l) values measured for samples
taken on 24 April 2001 from experimental plots. .........cccccecuverinenncnne. 145

Summary of mean predicted seasonal pasture production (kg
DM ha) for the last 26 years for ryegrass:clover ratio of
0.7:0.3 in the sward. Irrigation season is 1 November to 30
April of fOllOWING YEAT........coiiiiiiriiiiiiiiieeteeetee e 153

Summary of mean predicted seasonal pasture production (kg
DM ha') over last 26 years for ryegrass:clover ratio of
0.85:0.15 in the sward. Irrigation season is 1 November to 30
April Of fOllOWING YEAT.......cutiiiiieiiiieiieeee et e 155

XVii



Figure 1.1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 3.1

Figure 3.2

Figure 4.1

Figure 4.2

LISTS OF FIGURES

The outling Of the TheESIS. .. .uuuuueee et e e eeeee e e e eeenes

PAW, obtained from normalized shoot extension ratio (NSER)
as a function of the fraction of plant available water (FPAW)
remaining on each day of a drying cycle for each pot of (a))

sorghum and (b) sugarcane (after Nable et al., 1999)......................

PAW, obtained from normalized transpiration ratio (NTR) as a
function of the fraction of plant available water (FPAW)
remaining on each day of a drying cycle for each pot of (a))

sorghum and (b) sugarcane (after Nable et al., 1999).......................

Ratio of the non-irrigated (Yn;) to irrigated (Y\r) pasture yield
versus the soil moisture deficit (S). Error bars represent the SE
caused by variability in yields from both the non-irrigated and
irrigated paddocks. The dashed line represents E/E,,. (after

McAneney and Judd, 1983). ......cccoviiiiiiiiiiieeeeeeee e

The interaction of irrigation and fertiliser rate for WUE.
Symbols o, e, and g@represent low, medium and high fertiliser

rates, respectively. Error bar indicates standard error (P<0.05)........

The interaction of irrigation and fertiliser rate for tissue P
content. Symbols o, e, and m represent low, medium and high
fertiliser rates, respectively. Error bar indicates standard error

(PO.05) ettt et e

Schematic diagram of field experiment (not to scale), Thick
lines represents main water supply lines. The circle on the
bottom main water supply line represents a 100 kPa vacuum
control gauge. The non-irrigated, non-P fertilised plots are not

[ 100102 s VAR TP RRTPRRPPRRN

Cumulative production of ryegrass (kg DM ha) during
irrigation season. Symbols; ¢, A, e [Jrepresent, [-20, I-40, I-
60 and non-irrigated, non-P plots, respectively. Open symbols
with dotted lines represent P-0 plots while closed symbols with
solid lines represent P-40 plots. Vertical bars indicate standard

15 4 (0) -1 80 S 0 TP

..... 13

..... 30

..... 59

xviii



Figure 4.3

Figure 4.4

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Cumulative production of clover (kg DM ha™) during irrigation
season. Symbols; ¢, A, e, O represent, 1-20, 1-40, 1-60 and
non-irrigated non-P plots, respectively. Open symbol with
dotted lines represent P-0 plots while close symbol with solid
lines represent P-40 plots. Vertical bars indicate standard error

At P<O.0S ..o

The linear relationship between cumulative £ and cumulative
ryegrass production for the irrigation season. Symbols; ¢, A,
e, O represent, 1-20, 1-40, I-60 and non-irrigated non-P
fertilised plots, respectively. Open symbols with dotted lines
represent P-0 plots while closed symbols with solid lines
represent P-40 plots. Regression equations correspond to 1-20,
P-0, and I-40, P-40, and I-20, P-0, and I-20, P-40, and I-60, P-
0, and I-60, P-40 treatments and non-irrigated plots from the

top to bottom, reSPECtIVELY. ....cccueviriiieiieeiiieeiieieeere et e

The measured (®)and predicted (—) volumetric water content
values for the 0-150 mm depth for irrigation frequency I-20
during 1 January - 30 April 2001 (Julian day number 1-120),
the volumetric water content values corresponding to field
capacity and a deficit of 20 mm are shown as horizontal dashed

The measured (®) and predicted (—) volumetric water content
values for the 0-300 mm depth for irrigation frequency I-20
during 1 January - 30 April 2001 (Julian day number 1-120),
the volumetric water content values corresponding to field
capacity and a deficit of 20 mm are shown as horizontal dashed

The measured(®) and predicted(—) volumetric water content
values for the 0-450 mm depth for irrigation frequency I-20
during 1 January - 30 April 2001 (Julian day number 1-120),
the volumetric water content values corresponding to field
capacity and a deficit of 20 mm are shown as horizontal dashed

The measured(®) and predicted(—) volumetric water content
values for the 0-150 mm depth for irrigation frequency I-40
during 1 January - 30 April 2001 (Julian day number 1-120),
the volumetric water content values corresponding to field
capacity and a deficit of 20 mm are shown as horizontal dashed

v 71

XixX



Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 6.1

Figure 7.1

The measured(®) and predicted(—) volumetric water content
values for the 0 - 300 mm depth for irrigation frequency I1-40
during 1 January - 30 April 2001 (Julian day number 1-120),
the volumetric water content values corresponding to field
capacity and a deficit of 40 mm are shown as horizontal dashed

The measured(®) and predicted(—) volumetric water content
values for the 0 - 450 mm depth for irrigation frequency I-40
during 1 January - 30 April 2001 (Julian day number 1-120),
the volumetric water content values corresponding to field

The measured(®) and predicted(—) volumetric water content
values for the 0 - 150 mm depth (topsoil) for irrigation
frequency I-60 during 1 January - 30 April 2001 (Julian day
number 1-120), the volumetric water content values
corresponding to field capacity and a deficit of 20 mm are
shown as horizontal dashed line

The measured(®) and predicted(—) volumetric water content
values for the 0 - 300 mm depth (topsoil) for irrigation
frequency I-60 during 1 January - 30 April 2001 (Julian day
number 1-120), the volumetric water content values
corresponding to field capacity and a deficit of 40 mm are
shown as horizontal dashed line

The measured(e®) and predicted(—) volumetric water content
values for the 0 - 450 mm depth for irrigation frequency I-60
during 1 January - 30 April 2001 (Julian day number 1-120),
the volumetric water content values corresponding to field
capacity and a deficit of 60 mm are shown as horizontal dashed

The Interaction between irrigation frequency and P fertiliser
rate for ryegrass for the ratio of Ly (cm root cm™ soil) per unit
pasture production (kg DM m?) for the April root harvest.
Symbols ¢, A, @ represent irrigation frequency treatments I-
20, 1-40, and I-60, respectively. Vertical bars are standard

errors (P<0.05) for irrigation and fertiliser comparisons...................

Cumulative rainfall and simulated cumulative drainage (from a
soil water balance) for the irrigation season and early winter.

.. 116



Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 8.1

Figure 8.2

Figure 8.3

The colour black represents rainfall while colours; blue, green,
red and yellow represent cumulative drainage from I-20, 1-40,

[-60 and non-irrigated plots, respectively. ........cccceeveercieriiernieeneenen.

Nitrate-N concentrations of soil water at 300 mm depth
following heavy rain for ryegrass plots. Symbols; ¢, A, e,
represent [-20, 1-40, and 1-60, respectively. Open symbols

represent P-0 plots while closed symbols represent P-40 plots. .......

Nitrate-N concentrations of soil water at 300 mm depth
following heavy rain for clover plots. Symbols ¢, A, e,
represent [-20, 1-40, and I-60, respectively. Open symbols

represent P-0 plots while close symbols represent P-40 plots ..........

The effect of species on nitrate-N concentrations of soil water
at 300 mm depth following heavy rain. Symbols m and A,
represent clover and ryegrass, respectively. Vertical bars

represent the standard error of means at P<0.0S. ...........ccccoeeveeennenn.

The effect of irrigation frequency on nitrate-N concentrations
of soil water at 300 mm depth following heavy rain. Symbol; ¢,
A, and e represent irrigation frequency 1-20, 1-40, and 1-60,
respectively. Vertical bars represent the standard error of

MEANS AL P<O.0S. oottt eeeee e s e eeaeeeseeeeeeeeeaaeens

The mean dissolved reactive P concentrations of free draining

soil water at 300 mm depth following heavy rains in 2001...............

Cumulative predicted (—) and measured pasture production
(A) during the summer irrigation season (23 November 2000—
30 April 2001) for irrigation frequency I-20. Error bars indicate

+ one standard deVIAtION. .......coovvviiiiieeiiiiieeiiiieeeeeeeeeeeereeeeeeeeeeeeeaes

Cumulative predicted mean k, (—), P dependant &, (---) and
measured pasture production (A ) during the summer irrigation
season (23 November 2000-30 April 2001) for irrigation

frequency 1-40. Error bars indicate + one standard deviation............

Cumulative predicted mean k;, k3 (—), P dependant k;, k3 (---)
and measured pasture production (A) during the summer
irrigation season (23 November 2000-30 April 2001) for
irrigation frequency I-60. Error bars indicate + one standard

AEVIALION. .ttt e ettt e eeeeeeeee e e e eaneeseenamanereesaeeesaaaas

. 127

.. 128

... 130

.. 131

.. 134

... 146

... 148

... 149



Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

The cumulative probability distribution of pasture yield for the
ryegrass:clover ratio of 0.7:0.3 in the sward under different
irrigation and P fertility regimes. The colours; blue, green, red
and yellow represent irrigation frequencies; 1-20, 1-40, 1-60,
and non-irrigated conditions, respectively. Dashed and solid

lines represent P-0 and P-40 plots, respectively...........ccocecveverennennee

The cumulative probability distribution of pasture yield for the
ryegrass clover ratio of 0.85:0.15 in the sward under different
treatments. The colours; blue, green, red and yellow represent
irrigation frequencies; 1-20, 1-40, [-60, and non-irrigated
conditions, respectively. Dashed and solid lines represent non-

P fertilised and P fertilised plots, respectively. ........cccceeieriereennnn.

The cumulative probability distribution of seasonal rainfall and
evaporation. The colours; blue, green and yellow colours
represent rainfall, potential evaporation, and actual evaporation
under non-irrigated conditions, respectively, for the summer

irrigation season (1 November to 30 April 30). ......cccecevevercncnncnnee

Cumulative probability distribution of total seasonal irrigation
requirement for each irrigation frequency. The colours; blue,
green, and red represent irrigation frequencies 1-20, I-40, and I-

60, TESPECHIVELY. ..viiiiiiiieiieiieceree et ettt st

Cumulative probability distribution of drainage from the root
zone for the summer irrigation season (1 November to 30 April
30). The colours; blue, green, red and yellow represents
irrigation  frequency 1-20, 1-40, I1-60, and non-irrigated
conditions, respectively

.. 154

... 156

.. 157

X Xii



Plate 3.1

Plate 3.2

Plate 4.1

Plate 4.2

Plate 4.3

Plate 4.4

Plate 4.5

Plate 4.6

Plate 4.7

Plate 5.1

LIST OF PLATES

Harvesting pasture...........coerieieeniiiieiiiiiicsie et 39

Some treatment effects on ryegrass. Pots shown are from left to
right: [-45 with low fertiliser rate; I-30 with medium fertiliser
rate; and I-15 with high fertiliser rate. .........ccccoecvviiivinviii i, 39

A profile of Manawatu fine sandy loam soil..........c.ccoevvevvieniincieniennnnnn. 63

Ryegrass on a plot irrigated at a deficit of 20 mm, with P
fertiliser (I-20, P-40), the photograph was taken in late March

Clover on a plot irrigated at a deficit of 20 mm, with P fertiliser
(I-20, P-40), the photograph was taken in late March 2001................... 64

Ryegrass on a plot irrigated at a deficit of 60 mm, without P
fertiliser (I-60, P-0), the photograph was taken in late March

2001 ettt ettt st b e s at e et e e bt et etentetens 65
Clover on a plot irrigated at a deficit of 60 mm, without P
fertiliser (I-60, P-0), the photograph was taken in late March
PTG . .. N, ... 0, ... N, 65
Appearance of ryegrass in a non-irrigated, non-P plot, the
photograph was taken in late March 2001. .........ccccooviiiiiiiiiencieneeiee 66
A general view of the experimental area, the photograph was
taken in mid December 2000. ..........coceriirieiniineeneenieneene e 66
Schematic presentation of readily available soil water (W)
distribution within the assumed root zone of 450 mm depth
below pasture (not to scale). Storage terms S’, S’’ and S are
QLSO SNOWIL. ... e e ettt et s e 88

xXiii



