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Abstract

ABSTRACT

With increased competition for land and water fritra urban and industrial
sectors and high population growth in the majore rigroducing nations, the
possibility for expanding area under rice-basedniag systems is limited. Use of
marginal, coarse-textured soils of high permeabitias increased over time for
production of both upland and lowland irrigatederio meet the demand for food
andfibre to support growing populations. In irrigatede fields with fine-textured
soil, leaching losses of N are usually low becaafsdew permeability. However, in
highly permeable coarse-textured soils, the los§®&sthrough leaching of nitrate-N
(NOs-N) and other processes can be substantial. Intavman water and nitrogen
dynamics for rice crop on coarse-textures soilanged. Since models can provide
an insight of the interrelationships between vagioamponents of a complex system,
the overall aim of this research is to improve cgopwth simulation capability for a
range of water and nitrogen management strategresce-based cropping systems
in tropical environment. The specific objectivediut research project are:

1. to examine variation in water use productivity awland rice-based cropping
systems without significant effects on yield;

2. to explore the nitrogen dynamics in rice-rice-leguonop sequences on a typical
coarse-textured soil of lowland cropping systemthetropics;

3. to calibrate and validate a farming system modat tan be used to simulate
growth, yield, nitrogen uptake, nitrogen and watgnamics in the above rice-
based cropping systems.

To achieve these objectives, field experiments weoaducted at the
Research Station of Assessment Institute for Agitcal Technology (BPTP) NTB
Lombok Indonesia08°35'N, 116°13E, 150 m elevation) on a sandy loam soil using
rice-rice-legume crop rotation over two years (22009). The experiment was laid
out in a randomised split-plot design with water nagement treatments
(continuously submerged and alternate submergednandsubmerged, hereafter
referred to as CS and ASNS, respectively) as miaingmd N-fertiliser rates (0, 70
and 140 kg N HY treatments as subplot with three replicationsnPland soil
samples were collected at four main phenologicajes during rice growth period

(tillering, panicle initiation, flowering and hars#ng). Plant samples were measured
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for dry biomass and total-N. Soil samples were riak&hin 0-100 cm depth from
four soil layers (0-20, 20-40, 40-70 and 70-100 emyl each sample was analysed
for ammonium-N (NH-N), NOs-N, total-N, and organic carbon (OC). Legumes
(peanut and soybean) were sown immediately follgvtie second rice crop in each
calendar year. The experimental design was sinidarice by replacing CS and
ASNS treatments with peanut and soybean, respéctarel reducing N-fertiliser
application rates to 0, 12 and 24 kg N*h&rop and soil samples were collected at
three main phenological stages of legume (maximwgetative, flowering and
harvesting) and analysed as for the rice crop. Dafeeld experiment were used to
parameterise, calibrate and validate the APSIM-@rypdel.

The results indicated that biomass, yield and Nakgptof rice were not
significantly different between ASNS and CS. Angrgase in yield and N-uptake
was largely due to increased N-fertiliser applmatiAverage irrigation water saved
with ASNS varied in the range of 36% to 44% whempared with CS irrigation
treatment. Furthermore, average water productivityhe ASNS treatment was 52%
higher than for the CS irrigation treatment. Coasity these results as typical for
well-drained soils with deep ground water tablesSNS practices can make
considerable water-saving without substantial yr&duction in irrigated lowlands
of eastern Indonesia. Furthermore, yield of bothnpk and soybean crops following
the second rice crop were not affected by N fedilirates. The implication of this
study is that the farmers should consider ASNS asatar saving technology in this
region of study and should not consider applyinteNitiser for peanut and soybean
crops when it follows the second rice crop.

Seasonal variation in soil nitrogen and carborowldnd rice-based cropping
systems indicated significant effects of N-feréligreatments on NN and NQ-N
concentration in soil, but only on a few occasidos irrigation treatments. For
example, N@N concentration in soil under ASNS treatment wigbiér than the CS
treatment during panicle initiation and flowerin@gges in the later part of the rice
growing seasons. Since rice prefers ammonium dwenitrate form of N, increased
nitrate concentration during the periods of nonrsefgence in ASNS irrigation
treatment could have adversely affected N-uptakeid®y However, no significant
difference in N-uptake was observed between CSASNIS possibly because of the
small magnitude of N@N concentration differences between these irrgati

treatments. . Since floodwater is another usefuwirc® of N for the rice crop,



Abstract

measurements in this experiment showed ,ANH concentration in soil and
floodwater to be mostly higher than B concentration that allowed adequate N-
uptake. Organic carbon as an indicator of soil mi@enatter and overall soil fertility
was not affected by irrigation and N fertiliseratments during the experiment.

During the legume season, increased rates of Nidert application
increased NEtN and NQ-N concentration at various soil depths throughoop
growth. Increased concentration of available foohll as a result of increased level
of N-fertiliser applied to legumes decreased theloer and weight of root nodules
on some occasions. Since increased N-fertiliseliGgtipn increased N-uptake and
seed N-uptake but not yield, N-fertiliser applicatis not recommended for legumes
in this region on the basis of improved crop qyalit

The APSIM-Oryza model was mostly able to captueevariable effects of
water and N management strategies on crop growtbgan and carbon dynamic in
soil, and the dynamics of ponded water depth uraaererobic and aerobic soil
conditions in the rice-rice-legume crop sequengerasticed in the tropical region of
eastern Indonesia. The model satisfactorily sinedl@arop variables such as biomass,
yield, leaf area index (LAI) and N-uptake. The mlodiso satisfactorily simulated
the variation of water depth during rice growthiper However, the simulation of N
dynamics and floodwater (ponding) in the ASNS atign treatment need further
improvement. The APSIM-Oryza model provided an apenal and a promising
modelling framework to test future cropping pragticand improve making farm
decisions to develop more sustainable and effedowdand rice-based farming
systems. This thesis has produced a dataset torataliand evaluate the model
performance by capturing the dynamics of variousn® of nitrogen and daily
ponded water depth for water limited rice-basegpiug systems. More extensive
field experimental testing is needed to increasdidence with the widespread use

of this model.
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Chapter 1

CHAPTER |

Introduction

1.1 Background

Rice is the staple food of almost half the earggulation that is mostly
concentrated in Asia, consisting of 135 million taees of harvested area with 55%
of which is irrigated (Calpe, 2001; FAO, 1999; Kedw et al., 2002). It is predicted
that the population of the world will increase drvalf of these will be dependent on
rice. By 2015, sufficient rice will need to be puoegd to feed 4 billion people
(Greenland, 1997) with the demand for rice is i@é to increase from 571.9
million tonnes in 2001 to 771.1 million tonnes i83® (FAO, 2003). Furthermore,
the harvested area for rice has decreased glamalpout 3.4 million hectares from
1999 to 2005 (FAOSTAT, 2005). The possibility forpanding area under rice-
based farming systems will be limited within thejonaice producing nations due to
increased competition for land and water from th®ano and industrial sectors where
the population growth is concentrated (Nguyen, 200ng and Bhuiyan, 1994).
Therefore, increasing the productivity of rice vatintinue to be a major challenge to
meet the demand of increasing population with kchiarea of arable land.

Most of the paddy soils around the world are fieetured soils (clay soils)
with low permeability (percolation rate). Howevaeiith increasing demand on food
and fibre to support the growing populatiosparse-textured soils with high
permeability arencreasingly used in these regions to grow botlangbland lowland
irrigated rice (Aulakh and Bijay-Singh, 1997; Aukaland Pasricha, 1997). It is
difficult to maintain continuous flooding conditisnfor lowland rice in coarse
textured soils due to high percolation rates reqgifrequent irrigation.Improved
planning and management of water resources witl@magricultural sector is a high
national and global priority in major rice produginountries where rice production
needs to increase by 70% over the current produdédeel by 2025 (Tuong and
Bhuiyan, 1999).

Irrigated rice accounts for 75% of rice producingaain Asia because rice
yield is higher under irrigated than under rainéemhditions (Maclean et al., 2002).
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Consequently, irrigation management is a criticattdr in determining crop
production within Asia’s most important agro-ecdsys (rice) because limited-
irrigation can reduce yield and over-irrigation gasult in a waste of water. Over-
irrigation can reduce profit with increased cost vediter associated with over-
irrigation and increases the pollution risk throughtrients loss via leaching and
runoff (Aboitiz et al., 1986; Guerra et al., 199Research on water management is
needed to save water and produce more rice withviaser in irrigated production
systems (Guerra et al., 1998) and to increasefflogent use of nutrients, especially
nitrogen. Understanding the fate of soil water amilogen (N) is essential for
improving crop yield and optimizing the managemeintvater and N in rice-based
cropping systems.

Nitrogen fertilizer is the most important nutriantrice production systems
and has contributed immensely to the current le¥gdroductivity. Furthermore, N
fertilizer will play a key role in future rice pradtion as it accountsr 67% of total
fertilizer applied to rice worldwide (Vlek and Byrg, 1986). Efficient management
of N is important for both economical and enviromtaé reasons (Powlson, 1993;
Jervis, 1996). In flooded rice crop, only 20-40%ttwé applied N is used (Vlek and
Byrens, 1986; Cassman et al.,, 1993, 1996). The measons for such low N
fertiliser efficiency in flooded rice are due toldsses by leaching, volatilization and
coupled nitrification-denitrification processes.bibth nitrogen and irrigation are not
correctly managed, significant amount of nitrogem de leached below the root
zone (Vlek and Byrens, 1986) reducing yield duenadequate nitrogen supply to
the crop. Therefore, it is important to optimiseahd irrigation management in rice-
based cropping systems because fertiliser prices bantinued to increase, water is
becoming scarce and environmental pollution needbet avoided (Ladha et al.,
2005). Thus, there is a need to identify managersgsiems that help determine the
fate of applied fertilizer-N and quantify the dynamand losses of N at field, farm
and regional scales.

Rice-based cropping systems which include a legeroe are important for
maintaining soil fertility as legumes are capabfefiging atmospheric N which
reduces the need for increased use of N-fertiknel protects the environment from
N losses. The rice-rice-legume cropping system whth occasional substitution of
legume with other crops is a commonly practicednfag system in lowland of

Indonesia and other parts of the world such as Bdegh, Southern China,
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Myanmar, Philippines and Vietnam (Kueneman, 20Q@@gumes are a potential
source of both nitrogen and carbon (organic maiteryoil as they are able to
enhance soil fertility by supplying N to the suadieg crop and improving soil’'s
physical properties. In tropical regions, the dyr@mof nitrogen released from
legume crop residues have not received much aitenti

The transformation and distribution of N in a pomdee field and in the
dryland condition during the legume crop are vafietent, which makes it difficult
to accurately assess the effects of applied f=tiN on the productivity of the
rotated crop within the cropping system. Althougdrious forms of N and its
distribution can be measured in field experimdmse samplings and measurements
are labour-intensive and expensive. To overcomendezl for these measurements
and to design optimal management systems, simnlatiodelling techniques have
been suggested as an alternative for the analfsigstem performance on different
soils and climate types (Godwin and Jones, 199twsoand Singh, 1998; Ritchie
et al., 1998; Jones et al2003). Another drawback of field experiments isttha
experimentsare conducted at a small plot scale, but experiahergsults are
extrapolated to the whole region. Such recommeodatmay not account for soil
and weather variabilitacross various locations within a region (Matthewalk,
2000). In these situations;op simulation models have some advantage as tagse
synthesize much of the information from various exkpents at diverse locations
and provide a way to extrapolate this informatiorotherregions of interest, with
different soil and climatic characteristics (Matthest al., 2000). Simulation of
various crop antertilizer management strategies using such maheisalso leatb
better fertiliser decision-making (Godwin and JQri&¥1; Paz et al1999).

Cropping system models integrate data managemenkmowledge of soil,
plant and atmospheric systems to allow simulatioa cropping system over a wide
range of environments and management practicesdhagt al., 1996; Pala et al.,
1996; Cavero et al1998; Hunt and Boote, 1998; Alves and Nortcliff0ROMailhol
et al.,2001). This makethem valuable tools for agricultural professioraisund the
world (Bouman et al.1996; Jones et al2003). Development and evaluation of
models require all of the aforementiontgpes of data together with additional data
such as time-serie®ta on crop development, soil moisture, and sdiientsas well

as yield and yield components (Hunt and Boote, L9%®r adaptation and
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application to different cropping systems, thesmlets need to be calibrated and
validated for their performance in the agroclimait¢he region of interest.

Considerable efforts and progress have been mattethwe study of rice
production systems resulting in the developmerseokral simulation models of rice
crop (Aggarwal et al.1997; Bouman et al2001; Fukai et al.1995; Godwin and
Jones, 1991; Horie et all992; McMennamy and O’'Toole, 1983). ORYZA2000 is
one of the most advanced simulation models for dieecloped at the International
Rice Research Institute in the Philippines with rfeatures which include various
options of irrigation and nitrogen management ae.rin addition, the ORYZA2000
model has been intensively tested (Bouman et 2001). However, The
ORYZA2000 model is based for a single season ef fi©ie model cannot simulate
growth of multiple crops required for a rice-basedp sequence (cropping system).
Furthermore, the model does not simulate the raekidiirogen and water that may
be carried over from one crop to the next in a eaqge of crops. In addition, there is
an increased need for the modelling capability itautate rice-based cropping
systems in Asia. Such a system capability will wllovestigation of residual
nitrogen, crop sequence, intercropping, crop residanagement and soil and water
management.

A cropping system model, APSIM (Agricultural Protloo System
Simulator), developed in Australia is able to pcedirop growth, yield, nitrogen
uptake, nitrogen dynamics in soil and rotation @feon crop residue over a long
period (Keating et al.2003). System-related processes are available yoceop
module from APSIM’s infrastructure and generic cligwary (Wang et al.2003).
However, APSIM is based on the dryland farming esysthat does not include the
capability to model lowland rice crop preferredtipical regions. Lowland rice
(Paddy) is a complex cropping situation as it imesltransformation and leaching of
N between the water-ponded surface and other eeddand reduced soil layers.
Currently the model is lacking the capability tmsilate these processes (Keating et
al., 2003; Zhang et al2007). In this situation, the versatility of the deb can be
increased if it is able to simulate the proces$astmgen dynamics in lowland rice
and is able to correctly simulate the growth anddpctivity of rice-rice-legume
rotation systems of Asia.

The APSIM-Oryza was developed in 2004 (Zhang et28l04) available at:
http://www.regional.org.au/au/asa/2004/poster/Z2821 zhang.htm), aiming to
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combine the strength of rice physiology simulatiorORYZA2000 (Bouman et al.,
2001) and the system capability of APSIM to simmildong-term rice-based
agricultural production system. The model's perfante to simulate continuous
long-term rice-based system under different nitrogend other management
practices for several rice varieties was testednag@omprehensive datasets from
Philippines (Zhang et al., 2004) and Korea (Zhah@le 2007). The testing had
found the previous version of APSIM-Oryza cannotwdate nitrogen dynamics in
the soil profile over seasons and therefore dewsip@ dynamic soil nitrogen
module for paddy soils was recommended (Zhang ,e2@D7). The results led to the
development of new or modified modules (APSIM-Panttd APSIM-SoilN) to
simulate nitrogen dynamics in pond water and pagtillyby Gaydon et al in 2009
based on CERES-rice (Godwin and Singh, 1998). Heweso far the newly-
developed APSIM-Pond and APSIM-SoilN and their gnétion with APSIM-Oryza
remain untested especially in tropical conditioFse testing is crucially important to
apply the model to explore optimal water and nigrognanagement in the rice-rice-

legume cropping system in eastern Indonesia.

1.2 Research hypotheses:

The research hypotheses proposed for this studgsai@lows:

1. Water use productivity in rice-rice-legume crop s&aces in lowland farming
system of the tropical environment can be increas&tiout significantly
decreasing yield through improved water management.

2. The dynamic aspects of nitrogen in soil-plant syster a rice-based cropping
system can be quantified through a series of é&lgeriments.

3. Simulation models can be used to predict crop droavid development, yield,
nitrogen uptake, nitrogen and water dynamics fee@uence of crops in lowland

rice-based cropping systems.

1. 3 Overall research aim

The overall aim of this research is to improve crg@wth simulation
capability for a range of nitrogen and water managy& strategies for rice-based
cropping systems in tropical environments. The aegdeinvolved experiments and

field measurements to determine the influencesitobgen and water management
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on continuous rice-rice-legume crop sequences tféeast 2 years. A whole—farm
model suitable for a rice-based production systeas walibrated and validated
which can be used to explore a range of fertile®t water management responses
to increase the sustainability of tropical ricedzhproduction systems.

1.4 Objectives

The specific objectives of this research projeet ar

1. to examine variation in water use productivity witkhe above rice-rice-legume
crop sequence without significant effects on yield;

2. to explore nitrogen dynamics in rice-rice-legumepcsequences on a typical
coarse-textured soil of lowland farming systemthmtropics;

3. to calibrate and validate a farming system modat tan be used to simulate
growth, yield, nitrogen uptake, nitrogen and watgnamics in the above rice-
based cropping system.

1.5 Outcomes of the study

The main outcomes from this study include:
1. Strategies and recommendations for nitrogen andnmaanagement in rice-rice-
legume crop sequence as practised in coarse-tdxsaies of lowland farming

systems in a tropical climate;

2. A calibrated and validated farming system model asgbciated program useful

for rice-based cropping systems in the lowland fagsystems.

1. 6 Structure of the Thesis

This thesis contains eight chapters including thiapter. A brief summary of

each chapter is outlined below.

Chapter 1 consists of a brief outline of the background his tresearch, research
hypotheses and the overall research aim. It aldades the objective and outcomes
of the study followed by a brief overview of thesskertation structure.

Chapter 2 presents a comprehensive literature review relaigtie broad aims of
the research. This chapter includes a brief overvid the lowland rice-based

cropping systems in the tropical environment, tgp@spects of nitrogen dynamics
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highlighting various processes of the nitrogen eyid both aerobic and anaerobic
conditions and water management practices. Thiptehaalso highlights the
importance of modelling rice-based cropping systeAls these are essential for
improving the effectiveness of nitrogen fertilizend irrigation water management
and for modelling management of rice-based croppsygtems in tropical

environment.

Chapter 3 includes an outline of the field experimental desiand its layout,
management of crop, fertiliser and irrigation tre@nts and the details of sampling
and measurements for the collection of all data fiéld experiment was conducted
for a rice-rice-legume crop sequence over two yd¢het included peanut and
soybean as legumes. Data collected in this chaes also used for calibration and
validation of APSIM-Oryza model.

Chapter 4 details the effects of irrigation treatments (thaditional practice of
continuously submerged compared (CS) water regintle aternately submerged
and non-submerged (ASNS) water regime) and N-fegtitreatments on growth and
yield of rice and discusses their implications.

Chapter 5 includes the nitrogen dynamics for various wated a\ fertilizer

treatments during two years rice-rice-legume creguence. The differences in
temporal variation in various forms of soil nitregaeinder flooded and ASNS
conditions as affected by irrigation regimes argdimplication to ammonium and

nitrate nutrition of the crop are discussed in tiapter.

Chapter 6 discusses the performance of legume crop in oslatd the nitrogen
dynamics in soil during the dry season that folldws seasons of lowland rice in
tropical climate. Legumes (peanut and soybeany@mmonly planted as cash crops
which influence various forms of N in soil (N®DI and NH-N) and their

performance in relation to fertilizer-N managemisrgxplored in this chapter.

Chapter 7 tests the performance of the APSIM-Oryza modesimoulate lowland
rice-based cropping systems as practiced in thpgcgoln this chapter, the capability
of APSIM-Oryza to simulate floodwater dynamics i§ @xd ASNS water treatments,
growth and development of rice, peanut and soybeaahvariation in various forms
of N (NH,-N and NQ-N) and organic carbon in soil is evaluated alorith whe
effects of various N fertiliser rates. Descriptiand overview of the model are
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briefly outlined to include crop modules (rice, pgaand soybean), SoilWat, SoilN
and Pond modules. Parameterisation of the modeidesrice-peanut and rice-rice-
soybean crop sequences are discussed here alohgtheitfeatures of the new
module of APSIM-Pond (developed elsewhere). Cdianaand validation of the
model using two years of field experimental data fae-rice-legume crop
sequences are described. Relative strengths arichesses of the model to simulate
rice-rice-legume crop sequence are discussed akotingthe future directions for

improvement.

Chapter 8 presents a general discussion of the results &lbohapters with specific
conclusions arising from this research and recondgaigons for future research in

this area.

Full details of all references used within variahapters are given in the References
section and any specific experimental data or atifermation not directly relevant

to a chapter’s contents is given in #hgpendicessection.
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CHAPTER I

Review of literature

2.1 Lowland rice-based cropping systems

Rice Oryza satival..) is consumed by about 3 billion people and &s itiost
common staple food of the largest number of peoplide world (Maclean et al.,
2002). Irrigated rice is mostly grown with supplerteey irrigation in the wet season,
and is entirely reliant on irrigation in the dryasen. Lowland rice or irrigated rice
usually refers to rice grown on the both flat alapping bunded fields with surface
flooded during most of growing season (George ¢t18192). Upland rice usually
refers to rice grown on both flat and sloping feelithout bunding where land is
prepared under dry conditions with irrigation degieg on rainfall (De Datta, 1975)

In many irrigated areas, rice is grown in a montweel system with 2-3 crops
per year depending on water availability. Howewsggnificant areas of rice are also
grown in rotation with a range of other crops dgrimon-rice season of year. The
area under such rotation systems include rice—w(iegicum aestivurnl.) rotation
systems (Dawe et akQ04; Timsina and Connor, 2001; Ladha et al., 2@D8) rice-
rice-oilseed and rice-maiz&da mayd..) rotation systems (Bijay-Singh et al., 2008).
Other crop rotation systems such as rice-rice-legwith occasional substitution of
legume with another crop is a commonly practiceunfag system by farmers in
lowland of Indonesia, Bangladesh, Southern Chingarvhar, Philippines and
Vietnam (Kueneman, 2006; George et al., 1992).heamore, legume crops are a
potential source of nitrogen and carbon in soit thluence the soil's N supplying
capacity for the succeeding crops, and may alsareghother aspects of soil fertility
via improvement of other soil physical and chemimadperties. Legume is usually
planted as cash crop following rice as its residogmove the nitrogen and carbon
status of the soil. Moore et al. (2000) reporteat tmulti-cropping systems usually
improve the organic carbon and nitrogen contersodfthan monocropping systems.
However, the extents and rates of legume resido@sts effects on the succeeding
crops remain unclear under the alternation of amerduring rice flooded and

aerobic during legumes planted conditions in tbpital climatic.
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Rice is usually transplanted into the puddled and farmers try to maintain
a fixed depth of ponded water on soil surface tghowt the cropping season. This
practice of (lowland) rice production modifies ssitucture considerably which may
have negative implications for all the followingreal crops such as wheat, soybean
and peanut (Hobbs and Gupta, 2003; Timsina and @pr2001). The cyclic
transitions from anaerobic soil conditions durirte trice crop to aerobic soil
conditions during the succeeding legume crop awe versa may have dramatic
effects on the chemical and biological soil comhs affecting nutrient status and
availability to these crops. Adverse effects oftsaoop sequences may cause yield
stagnation or even decline which is a major conéarthe sustainability of lowland
rice cropping systems (Ladha et #003). In addition, there can be additional
impacts of crops rotation on land degradation dabbgical productivity (yield loses,
carry over diseases of plant, reduce fertility ofl,setc.). Therefore, whole-farm
models that include crop rotations are importambjgonents of research.

Most lowland rice-based cropping systems usualéy/fuee texture soils with
low percolation rates that allow an extended penbdubmergence. Soils become
anaerobic under flooded that reduces nitrificatlowing accumulation of NN
which essential for growing lowland rice (De Datt895). However, with increasing
demand for rice and other crops to support growiogulation within major rice
growing nationscoarse-textured soils abeing used increasingly for both upland
and lowland irrigated ricAulakh and Bijay-Singh, 1997; Aulakh and Pasricha,
1997).

Coarse-textured soils generally contain silt aray @h the range of 0.5 to 12
and 3 to 10%, respectively. These soils includel seEmamy sand and sandy loam in
textural classes. These occur on a variety of fanths and relief such as dunes of
various types, interdunes, sandy hummocky plaeusgy plains and recent alluvium
along stream banks. Coarse-textures soils genenadlgifests in poor to weak
structural development, low moisture and nutrieetemtion capacity, high
infiltration rates and susceptibility to erosion.itlivhigh infiltration rates, coarse
soils are usually characterised as a problematamof soils for their land use,
management and sustained productivity (Aulakh aired/BSingh, 1997).

In coarse-textured soils, flooding cannot be manetch over extended period
due to high soil percolation rates. In these sdhg, development of appropriate

irrigation strategies to maintain yield with limitevater supply is a high priority as
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globally rice production needs to increase by 70¢@2625 (Tuong and Bhuiyan,
1999) to meet projected demand.

2.2 Nitrogen dynamics in lowland rice-based farming syems

If water is not a limiting factor, crop growth aryteld greatly depends on
soil-N supply. Demand for nitrogenous fertilisersHaeen increasing in agriculture
with the evolution of high-yielding crop varietiedsarmers generally apply as much
fertilizer as resourcgsermit to increase yield with little informatiam the amount
of N required to sustain crop yield on differestdils. Consequently, there is
opportunity for residue of N to be left the soil which may find its way into the
atmosphere and surface and growader sources through various chemical and
physical processeseading to environmental pollution. Enhanced abgreind
biomassgrowth stimulated by excessive N availability iretkoil can alscause
higher transpiration rates, reducing available sa@terduring flowering and grain
filling that may reduce grain yield as feinter wheat (Ritchie and Johnson, 1990;
Nielsen and Halvorson, 1991). Hence, appropriateagement of N fertiliser holds
the key for a better environment and improved gnaq@uction.

The greatest source of available N is the atmosplu#nitrogen gas (B
which is relatively inert. Significant amounts of &hter the soil via rainfall or
through the effects of lightning (Coyne and Fry@)%). Dinitrogen (M) can be only
used by specialized micro-organisms like bactagdpnmycetes and cyanobactertia
through symbiosis. Members of the bean family (legs) and a few other plants
form mutualistic, symbiotic relationships with migeen fixing bacteria. In exchange
for nitrogen, the bacteria receive carbohydratesnfthe plants and form special
structures (nodules) in roots as they can existtljnas a moist environment
(Stevenson and Cole, 1999).

Nitrogen is used by living organisms to produce uanber of complex
organicmolecules like amino acids, proteins and nucleidsaclhe store of nitrogen
found in the atmosphere, where it exists as amam(y Ny), plays an important role
in all life processes. Other major stores of nigmognclude organic matter in soil and
the oceans. However, nitrogen is often the mositifign nutrient and required in
large quantities for plant growth. Plants can otalige up nitrogen in two forms:

ammonium ion (NH") and nitrate ion (N@). Most plants obtain the nitrogen they
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need as inorganiaitrate and ammonium from the soil solution (Stesegnand Cole,
1999).

Nitrogen is an important element in the soil anel losphere (O’Hara et al.,
2002), and has contributed much to the remarkataieease in food production that
has occurred during the past 50 years in the farmitoogenous fertilizers (Smil,
1999). In flooded rice, nitrogenous fertilizers d@ne most important sources of N
nutrient. As rice production needs to be increasefliture to cope with the food
demand of a growing population, N fertilizer wileed to be applied at nearly
threefold the present rates (Cassman eL888). However, N fertilizer efficiency in
irrigated rice is low, with an apparent recovery <gf0% (Cassman et all993;
1996). The main reasons for low fertilizer effiatgrare N losses by volatilization in
the form of NH gas and the processes of nitrification and ddicétion. N loss by
volatilization of NH; is influenced by algal photosynthesis in the flater that
increases pH (Vlek and Byrnes, 1986).

The dynamics of nitrogen and carbon in rice-basezpping systems is
affected by the alternation of anaerobic and aerdwil conditions (Fierer and
Schimel, 2002; Gu et al., 2009). Under flooded d@ioas, most N is available in
ammonium (NH-N) form and taken up by rice and nitrificationrisstricted by a
limited oxygen (George et al., 1992). When soitlied, NH-N is transformed to
NOs-N via nitrification. As a result, nitrate accumids in the soil during the aerobic
condition. Upon flooding during rice growth pericekcess mineral N that may not
be taken up by the crops may be lost through legcand denitrification (Reddy et
al., 1989; Qiu and McComb, 1996). The extent obBslmechanism depends on the
amount of the nitrate in soil solution, the quantif easily mineralisable carbon
sources, the intensity of rain and the flow of watethe soil profile (Li, 2000;
Pathak et al., 2002). The dynamics of soil minédalunder the alternation of
anaerobic and aerobic soil conditions in lowlance4tbased cropping systems is
conceptualised in Fig. 2.1. These complex processed to be clearly understood
and quantified as a basis for improvement in yiasisvell as nitrogen and water use
efficiencies in rice-based farming systems. Furtbetails are given below on
nitrogen transformation processes that include malisation, immobilisation,

nitrification, denitrification and fixation.
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2.2.1 Nitrogen mineralisation and immobilisation

Mineralisation refers to the decay or break dowrgfanic-nitrogen fraction
in soil and organic matter that can release mingrg@ocolow, 1999). Mineralisation
also refers to ammonification because the reactiamly releases mineral N in the
form of ammonia, as in Egn. 2.1 (Coyne and Fry@®5200rganic fractions of N are
usually present in the plant residues, fast andyedscomposable soil organic
matter fractions and dead microbial material. Matisation of N from soil organic
matter, dead animal or animal wastes and green megnand crop residues (dead
plant matter) contribute greatly to the soil N betdgnd to total N available to plants
(Kolberg et al.1996).

Soil Mineral N—»

Aerobic - Transition Anaerobic Transition

Soil Aeration Sequence —»

Figure 2.1 Schematic of soil mineral N dynamics uret aerobic and anaerobic
conditions in lowland rice-based cropping systems3eorge et al., 1992).

Various groups of soil microbes use the carbonhiesé organic matter
fractions for development and growth as each gr@umicrobes is specialised in
feeding on a particular fraction of the soil orgamatter (Paul and Clark, 1995). A
flow of mineralised N mainly in the form of ammoniwenters the inorganic nitrogen
pools in the soil depending upon the C and N cdanténhe decomposing organic
material. The rates of N transformation process®s \ary considerably as it is
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controlled by a diverse group of soil microorgarsstiat operate at different speeds
depending on the type of organic sources presetitersoil. For example, organic
source of lignin is more resistant to microbial al®position than other organic
constituents in soil (van Veen and Paul, 1981;dpeet al., 1987).

OrganicN(R-NH ) - NH - NH (2.1)

Immobilisation or assimilation refers to a procegposite to mineralisation
as inorganic N compounds in soil (mainly in thenfoof NH," and NQ) are
transformed into the organic form (such as N inoaaed into plant and a microbial
biomass) as given in Egns. 2.2 and 2.3). This p®aenders N to become
temporarily unavailable to the crop (Socolow, 19%pyne and Frye, 2005).
Immobilisation primarily occurs during the growtharganisms which are involved
in the decaying of organic matter. Microbes needbaa and nitrogen in order to
grow. If the N requirement for microbial growthnst met, the microorganisms will
immobilise the plant-available form of nitrogen.i@mmonium and nitrate (van
Veen et al.,1985; Tate, 1995). Immobilization can also somesimefer to the
binding of NH, ion to soil clays during to the interaction of iganic N with soil
organic matte(Coyne and Frye, 2005). Mineralisation and immodil@n processes
occur widely in nature while fixation, nitrificatioand denitrification occur in some

situations as it is accomplished only by specipétgf microorganisms.

NH; — OrganicN(R-NH, ) (2.2)

NO; or NG, - NH, - OrganicN(R-NH (2.3)

2.2.2 Nitrification

Nitrification refers to the process of oxidation ahmonium form of N to
nitrate form (Martens, 2001). This process occurden aerobic conditions and is
facilitated by species of nitrifying organisms (Bser, 2005). The ammonium form
of nitrogen (NH") can be adsorbed on the surfaces of clay and iorgafioids and

which can be released into soil solution from theslids through cation exchange
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process. Upon release, most of the ammonium ices ahemically converted into
nitrite ion (NQ) by a specific type of autotrophic bacteria inl §Dielwiche, 1970;
Coyne and Frye, 2005). Further modification of N€n occur rapidly in soil into
nitrate (NQ’) by another type of bacteria (Eqn. 2.Zhe conversion process is
influenced by the availability of ammonium, oxygeojl pH, temperature and soll
water (Muller, 2000; Martin et al., 1998). Procéssed crop growth models often
use these parameters to elucidate the mechanismgrifitation. Since N@ is
highly mobile and can be lost from the root zonecadps and contaminate the
ground water in intensively fertilized cropping ®/ms, management strategies can

be used to reduce this type of N loss (Martens1200

HY
NH:[] NH, - NO, - NO, (2.4)

+H

2.2.3 Denitrification

Denitrification is the process by which oxidisednis of nitrogen (N@ and
NO,) are transformed into reduced and gaseous motecalaponents (NO, O
and N) (Stevenson, 1982; Martens, 2001). Denitrificati®commonly an anaerobic
soil process, where micro-organisms use nitrate as oxgggeor when decomposing
organic matter. Schematic pathway and enzymes vadoin the denitrification
process is presented in Fig. 2.1. This processngalled by soil moisture and redox
potential (Steven et al., 1998), temperature and(ldeinen, 2006; Ashby et al.,
1998) and availability of substrates (e.g. disstleeganic carbon, N§ NO,, NO,
and NO). Denitrification tends to reduce soil nitratentant, so that less nitrate is
available for uptake by plant and leaching (Hayrdi&86). Denitrification is also a
cause of environmental concerns, as it contribtde=mmission of greenhouse gas of
nitrous oxide (NO) from crop fields. Simulation models can be vésipful in
examining the effects of denitrification on therogen balance in agricultural

systems.

A number of different approaches have been useatevelop denitrification
sub-models within the N-cycling models (Partonletl®96) using a combination of

microbial growth models, soil structural models anuplified process models. The
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microbial growth models consider the dynamics ofrohial organisms responsible
for the N cycling processes. This approach has lbsed for the RZWQM (Root
Zone Water Quality Model) model (Ma et a2001), the ECOSYS (Ecosystems)
model (Grant, 2001) and for the DNDC (DenitrificatiDecomposition) model (Li
et al.,1992; Li et al., 2000).

Nitrate Nitrite Nitric oxide Nitrous oxide
reductase reductase reductase reductase

| | | |

NO; —> NO; —> NO —> NO3y — N

Figure 2.2 Schematic pathway and enzymes involveditiv denitrification of nitrogen
(Martens, 2005).

The soil structural models consider diffusion ofragen various forms of
gases into and out of soil aggregates. The disioibwof aggregates in soil is also
considered important as denitrification occurs dnlghe anoxic parts of aggregates
(Arah and Smith, 1989; Grant, 2001; Vinten et 4096). The simplified process
models consider the degree of saturation, soil &atpre and nitrate content of the
soil (Heinen, 2006). However, there are very fewdslling attempts made to
describe N-transformation in lowland rice-based pping systems. Nitrogen
transformation and distribution processes in pondeel fields are different from
other dryland crops (e.g. a legume crop) which fedigw rice in the same field. For
this reason, it is usually difficult to accuratelgsess the effects of nitrogen fertiliser
application on N-transformation and productivityaf entire cropping system that

includes rice and other crops.

2.2.4 Fixation

Fixation refers to biogeochemical conversion gfdds in the atmosphere to
the ammonia form arising from biological plant amitroorganism association or
lighting (Fisher and Newton, 2002). Giller (200Tpposed 5 groups of MNixing
organism. The first group includes class of baat&nown as rhizobia, the second
group cyanobacteria (include a blue green algabichware free-living species and

form association with variety of plants. The thigdoup includes actinomycetes,

16



Chapter 2

which form symbiotic association with flowering pta from a number of different
families; the forth group is known @sospirillumspecies, which are more loosely
associated with plants and colonise the root epigeof host species such as wheat,
maize and rice plants (Vande-Broek et al., 1998y @he final group includes free-
living No-fixers such ag\zotobactersp. that live in the soil. Biological fixation of
atmospheric nitrogen gas {Nis critical in maintaining sustainable level afop
yields without requiring high level of external tiéser-N inputs. The actual and
potential contribution of biological Nixation with N-nutrition in tropical cropping
systems has been reviewed in detail by Giller (2004d Postgate (1998). The
remainder of this section will focus on rhizobiectesia as the dominant group of
N,-fixing species that is known for its contributiom the productivity of tropical
cropping systems.

Rhizobia are bacteria of several genera that indunckinfect nodules on the
roots and/or stems of plants of the faniigguminosadGiller, 2001). These plants
are also known to have the ability to form root wmled that host rhizobium.
Decomposition of root nodules releases N into isoflelpful for plant nutrition. For
this reason, legumes contribute to increased ptoahyc of other crops when
incorporated into a cropping system by directlyréasing agricultural productivity
and indirectly with restoration of solil fertilityThe process of Nfixation is the
reduction of N gas in the atmosphere (including soil atmosphéoi@ biologically
useful form of ammonia-N. Because I highly stable, it needs high energy to
break the molecules during conversion to ammongh iakolves the enzymes of

nitrogenase as follows (Giller, 2001):

N,+8H* +8¢ +16ATP » 2NH +H +16ADP+16 (2.5)

Nitrogen-fixing crops and pastures are essentiahpoments of many
agricultural systems in sustaining productivity #8am and Vance, 2000). As
mentioned above, a clear benefit from use of trmswbiotic legumes in many
agricultural systems is primarily due to the fixatiof atmospheric nitrogen by the
root-nodule bacteria located in the root noduledegume (Fisher and Newton,

2002). The productivity and nitrogen fixation byglenes in farming systems are
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affected by several abiotic factors including terapgre, water, nutrients availability
and pH (O’Hara et al., 2002).

Excess availability of nitrate in soil can affectdule formation in many rice-
based farming systems as shown with applicatiomiwbgenous fertiliser to the
legumes (Chen et al. 1992; Starling et al. 1998mDa et al. 1999; Taylor et al.
2005; Ray et al. 2006; Basu et al. 2008; Selamdt@ardner 1985; Daimon and
Yoshioka, 2001).

2.3 Water management practicesn lowland rice farming systems

On a global scale, irrigated agriculture uses alf®@36 of the available fresh
water resources (FAO, 2007). With rapid increas¢hefworld population and the
corresponding increase in demand for extra watestbgr sectors such as industries
and municipalities has forced the agricultural ged¢d use irrigation water more
efficiently by using less water to produce moredioDefining strategies in planning
and management of available water resources iagheultural sector has become a
national and global priority (Smith, 2000). Ricease of the biggest users of the
world’s freshwater resources because it is mostiyg under flooded or submerged
condition (Tuong and Bouman, 2003; Bouman and Tu20@1; Tuong et al., 2005).
However, water is becoming increasingly scarce imgisconcerns over the
sustainability of irrigated agriculture (Rijsberma2006). Bouman et al., (2007)
predicted that by 2025, 15-20 million hectaresrofated rice will experience some
degree of water scarcity. Many rainfed areas asadl/ drought-prone under present
climatic conditions and are likely to experiencerenintense and more frequent
drought events in the future due to climate chaf@assmann et al., 2009).
Increasing water productivity is especially impatthecause many processes in rice
production area are related to water (Bouman, 200Rgrefore, efforts to reduce
water use are of great significance in the riceedasopping systems.

Most irrigated rice in the tropical Asian countriae raised in a seedbed and
then transplanted into a main field (De Datta, J9®teparation of the main field
consists of soaking, plowing and puddling (i.e.rbaing under shallow submerged
conditions). Puddling is not only done for weed teolp but also to increase water
retention and reduce soil permeability, makingiwenient to level the top field and

transplanting (De Datta, 1981). After land prepargtthe main growth period of
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rice starts from transplanting to harvest. At tleddf level, large reduction in water
input can potentially be realised by reducing teepsage and percolation flows and
by minimising land preparation time. Seepage andqgbation losses can be reduced
by effective water managemeiithe opportunities and constraints of various water
management approaches in lowland rice includesatatlisoil culture (Borell et al.,
1997; Tabbal et al., 2002), submerged and non-sigedevater regime also known
as alternate wetting and drying (Li, 2001; Tabbialak, 2002) and aerobic rice
(Bouman et al., 2002). These water managementigeacare briefly discussed in

the next sections including continuously submengater regime.

2.3.1 Continuously submerged soil

The rice crop grows better under continuously sulgee soil conditions than
other crops because its root can tolerate the abi@esoil condition. This water
regime keeps the rice field continuously floodedhwwvater ponded depth of 5-10
cm from transplanting to harvesting. Continuousijoreerged irrigation practice
changes the quality of soil organic matter (Olk a®dnesi, 2000), but it is
remarkable sustainable in maintaining adequateemitsupplying capacity and soil
carbon (soil organic matter) and yield (Dawe et 2000). However, the cultivation
of rice under continuously submerged irrigation cpiges requires
approximately1000 - 3000 }of water to produce 1000 kg of rice grain whichufs
to 3 times higher than the water required to predacsimilar quantity of wheat
(Wassmann et al., 2009).

2.3.2 Alternately submerged and non-submerged (ASNS)

Alternately submerged and non-submerged (ASNSyation practice or
alternately wetting and drying (AWD) is the techumgof irrigation which requires
water to sufficiently maintain 2-5 cm of floodwatdepth over the field 2-7 days
after the disappearance of floodwater. Changes Baturation to partially aerobic
soil conditions in ASNS affect the form, availatyiland losses of nutrients such as
nitrogen from the crop field. Tabbal et al. (199)orted the level of ammonium in
the soil to be lower and nitrate higher under ASIN& under fully flooded rice
fields. Upon subsequent flooding, nitrate coulddsehed or undergo denitrification
losses making overall N losses under ASNS highean tinder conventional flooding.

However, Belder et al. (2004) reported N uptake #artllizer-N recoveries to be
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similar under flooded and AWD conditions in expesms, where the shallow
groundwater table kept the soil relatively wet dgrihe non-submergence period.
Further research is needed to determine the ldévekgness” under ASNS that does
not reduce N-use efficiency. In coarse-texturellalale soils with a high pH, the
other problems may arise due to deficiency of aeraailability of micronutrients
under conditions of non-saturated soil as such uraised beds, aerobic rice and
ASNS water regime as suggested by Bouman et &5{2&harma et al. (2002) and
Singh et al. (2002) have also reported iron and deficiencies in raised beds and in
direct-seeded rice systems under the ASNS irrigaggime.

The performance of ASNS in terms of rice yield, evainput and water
productivity depends much on the other environmesdaditions such as solil type,
water table depth and the number of days of absehfteodwater. When the water
table coincides with root zone, the drying perioglymot sufficiently expose the rice
plant to water stress to give comparable rice yaddvith continuously submerged
conditions. Belder et al. (2004) reported that lasmand yield of rice was not
significantly different between ASNS and continugusubmerged water regimes,
but water productivity was significantly higher @ndASNS than under continuously
submerged in two out of three experiments on silay loam soils with shallow
groundwater table and a percolation rate of 1-4r6 day'. However, when the
water table was below the rooting zone, rice yiglder ASNS was lower than under
continuously submerged water regimes. Cabangon. é2@03) reported that rice
yield declined significantly under ASNS when thel seater potentials at 10 cm
depth dropped below -20 kPa. Similar results haaenhkalso reported by Hira et al.
(2002).

2.3.3 Saturated soil culture

The main water management in saturated soil cuitutieat the soil is kept as
close to saturation as possible by shallow irrato that about 1-cm floodwater
depth is obtained everyday after disappearancwoéls\g water (Tuong et al., 2005).
Tabbal et al. (2002) reported that saturated sdtlice reduced water input by 30-
60% compared with the conventional practice in @erituzon, Philippines, while
reduction of yield was only 4-9%. However, implenaion of saturated soil culture
requires assured water supply throughout the grqetiod at the field level and

frequent shallow irrigation is labour intensive. doarse-textured soils with a deep
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water table, the saturated soil culture can becditfto accomplish because of higher

percolation rates compared with fine-textured soil.

2.3.4 Aerobic rice

Bouman (2001) has introduced the term of ‘aerolue’ to describe a system
of growing high-yielding rice varieties in non-pued soil without standing water
similar to irrigated upland crops such as maizevloeat. Peng et al. (2006) reported
that yield difference between aerobic and floode# ranged from 8 to 69%
depending on the number of seasons that aerol@cigigrown continuously, the
length of dry and wet seasons, and the suitabdftyariety. Total water use of
aerobic rice was 27-51% lower and water produgti8®—88% higher than that of
continuously submerged water regime in fine-texdwseil in Philippines. After six
continuous seasons of aerobic rice cropping, thsa gradual decline in yield for
variety Apo (compared with flooded conditions), although suclreammd was not
obvious when all tested varieties of rice were aered together (Bouman et al.,
2005). However, the large yield gap (8 - 69%) betwaerobic and flooded rice and
reduction in yield of continuous aerobic rice cowldtweigh the benefit of water
saving irrigation practices.

The reasons for yield decline in aerobic rice systeed further investigation.
Recent reports by Kato et al. (2009) indicate that average yield under aerobic
conditions can be similar or even higher than thigh the flooded condition with
yield of 7.9 t hd in 2007 and 9.4 t Rain 2008 for aerobic versus 8.2 t*héor
flooded water regimes. In this study, the averagéewproductivity under aerobic
conditions was 0.8-1.0 kg grain“mvater using a super-high-yielding rice cultivar.
In general, cultivation of high-yielding rice vatigs in aerobic soil is a promising
technology that maintains high productivity and senves water. With a continued
breeding program, future aerobic rice varieties wdssess increased number of
spikelets and sufficient adaptation to aerobic domts such that yields comparable
to the potential yield under flooded rice can bhiemed consistently (Kato et al.,
2009).
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2.4 \Water balance

Lowland rice is traditionally grown under continsbyflooded condition that
requires maintenance of about 5-10 cm of standiatgmthroughout the growing
period. This practice not only meets the water saddice, but provides an efficient
supply of nutrients and is an effective method i@ed control;. This and related
practices of soil puddling to reduces percolatiates and construction of bunds
(embankments) along the field boundary to prevamioff complicates the
computation of soil water balance. The estimatiérs@l water balance requires
information on rainfall, irrigation amount, evapaspiration, infiltration and runoff
(Ritchie, 1998) as shown in Fig. 2.3.In generat, Water balance of a puddled rice
field is given by:

W=R+IR-ET-DP-( (2.6)

where W is the depth of water stored within rooheoR is the rainfall over the
surface; ET is the crop evapotranspiration inclgdamy evaporation of free water
from the standing pool of water; DP the deep patamh beyond the root zone; IR is
the amount of irrigation an@® the surface runoff. These components are usually
expressed in units of (mm) depth and can be cordputedaily basis. Contribution

of capillary rise from the groundwater is usualiyored as the puddled soil layer
remains saturated for a considerable period duhiagrop growth and has a higher
soil moisture potential than at the capillary fentpcated below the puddled soll
layer (Odhiambo and Murthy, 1996).
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Figure 2.3 Components of water balance in floodeddae field (Tabbal, 2002)

2.4.1 Surface runoff (Q)

Runoff is generated from a field when infiltratioate exceeds the rainfall
rate at the soil surface. Surface ponding occust hen rainfall occurs over a
saturated soil surface (McFarlane et aB93). In lowland rice cropping systems,
rainfall in excess of bund height leaves the sysisraurface runoff:

Q=R-BH (2.7)

where BH is the bund height (mm) and R the accutedlaainfall over the surface
(mm). This surface runoff can be an input of ouadldlow to a neighbouring field.
However, when this is involved in a sequence déifieneighbouring fields will also

pass on the surface runoff from adjusting fieldsl e runoff reaches a drain.
2.4.2 Deep percolation (P)

Percolation is one of the negative components démialance as it is the
vertical downward loss of water beyond the crometrzone. Percolated water is
unavailable to the crop. The rate of percolationgs/erned by the hydraulic
conductivity of the soil within the root zone areetdepth of standing water in the

field. Variation in percolation rate is usually liénced by the water regime within
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and around the field. An increased in the deptharided water increases percolation
due to an increase in the hydraulic gradient (Semch973). Because of puddling,
the soil layer at the bottom of the root zone, agproximately 20-30 cm below the
soil surface, gets compacted that reduces the asaturhydraulic conductivity
compared to the unpuddled fields. Darcy’s law ismownly used for the estimation
of daily percolation rate below the root zone (Q@aibo and Murthy, 1996; Singh et
al., 2001) and this given as:

pp =k 2H (2.8)
AZ

where DP is deep percolation beyond the root zoma per day)ks is the saturated
hydraulic conductivity (mm per day; after accougtifor puddling effects) and
AH/AZ is the hydraulic gradient.

2.4.3 Evapotranspiration (ET)

Evaporation from the water covered soil surface tmadspiration from the
plant leaves are combined and treated togethevagsotranspiration (ET). ET for a
rice crop is strongly dependent on climatic comdis. Maintaining ET at the
potential rate, i.e. the rate at which it is natdared by water shortage, is essential
for obtaining high yield of rice (IRRI, 1987) becaurice yield usually declines with
decreasing rate of ET. Crop coefficients are oftead in the estimation of actual
evapotranspiration from reference ET for speciéigions as recommended by FAO
(Doorenbos and Pruitt, 1977). The following relaship will be used to estimate

daily mean evapotranspiration (Doorenbos and PAS@7):
ET =K, x ET, (2.9)

where ET is the reference crop evapotranspiration (ngYhe crop coefficient and

ET the crop evapotranspiration.
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2.5 Modelling rice-based cropping systems

Crop growth simulation models are recognized atualde tools in
agricultural research. It can help to compare arpental research findings across
sites, extrapolate experimental field data to widenvironments, develop
management recommendations and decision-suppdensysexplore the effects of
climate change, and make yield predictions (Bougtaal.,1996; Jones et aR003).

Cropping system models integrate data by usindmiosvledge of soilplant,
and atmosphere systems to allow simulation of drapgystems over a wide range
of environments and management pract{t@sson et al.1996; Pala et al.1996;
Cavero et al., 199&lves and Nortcliff, 2000; Mailhol et al2001). Such simulation
models have been developed for a number of anmops éncluding wheat, rice and
potatoes (van Laar et al997; Bouman et al2001; Wolf, 2002). This makélsem
valuable tools for agricultural professionals amdineworld as these can provide an
insight of the functioning of cropping systems bypling a system approach
(Leffelaar, 1999). However, effective applicatiori oropping system models
requires a minimunset of weather, soil, and management data (HuntBuoude,
1998) together with additional data such as tinrteesdata on crop development,
yield and yield components, soil moisture, and sottients.

251 Rice model

Modelling of growth, development and productionriee began more than
30 years ago. The development of rice model has maewed in detail by Bouman
and van Laar (2006). In brief, the InternationacdriResearch Institute (IRRI)
published the model RICEMOD (rice model) for potanproduction of rice in
rainfed environments in 1983 (McMennamy and O’'Tod@83). Due to its
simplicity, the model did not receive widespreadognition. Further progress with
rice model was developed by Horie et(@092; 1995) which allowed development
of Simulation Model for Rice-Weather RelationshigSIMRIW) to predict
production potential of rice in Japan and to prettie effects of climate change.

CERES-RiIce is a generic and dynamic simulation rhadhéch is a part of
the DSSAT (Decision Support System for Agricultufalchnology) suite of models
(Godwin and Jones 1991; Godwin and Singh 1998 hkitet al.,1998; Jones et al.,
2003). This model includes a detailed descriptibrcrop growth under optimal,
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nitrogen-limited and water-limited conditions. & relatively widely used although
the model has been only partially described inedéht publications (Timsina and
Humphreys, 2003; 2006). From all the cases thatsinanand Humphreys (2003)
investigated, CERES-rice was found to be calibrated evaluated only once using
experimental data for more than one site or for entiran one season. Model
evaluations were generally limited to graphical pamson of simulated and
measured crop growth output with little indicatioh quantitative goodness-of-fit
parameters.

In the mid 1990s, IRRI in collaboration with Wagegen University and
Research Centre developed the ORYZA model seriesinmlate growth and
development of tropical lowland rice (Ten Berge &mdpff, 1995). The first model
was ORYZAL for potential production of rice (Kropét al., 1994), that was soon
followed by ORYZA W for water-limited production (¥yereis et al.1994), and
ORYZA-N (Drenth et al.,1994) and ORYZAIN (Aggarwal et al1997) for
nitrogen-limited production of rice. A new version the ORYZA model was
released in 2001 that improved and integrated raNipus versions into one model
called ORYZA2000 (Bouman et al2001). ORYZA2000 simulates growth and
development of lowland rice without any limitatitm potential production, and with
water and nitrogen limitation. However, the ORYZAPOmodel can be used for
single crop and single season of rice. The modeha@asimulate growth of multiple
crops within a cropping system and cannot simulasedual effect of nitrogen and
soil water remaining in soil for the subsequentpsras expected within a cropping
system. In ORYZA2000, N availability in soil is melted as a simple book-keeping
routine and does not compute how N transformati@egsses vary in the soil over

time (Bouman and van Laar, 2006).
2.5.2 APSIM-Oryza model

With the increased focus on sustainable landscapegich farms are an
important part of the landscape, there is an is@@docus on building models of
farming systems to assess the agricultural, ecarairand environmental impacts of
farming at various scales. These whole-farm modedsable to predict the impacts
of different scenarios such as different farm managnt options and the effects of
changes in policies, markets, resources or otlggdaons. Furthermore, there is an
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increasing demand to simulate the sustainabilityricé-based cropping systems,
especially in Asia. Such a modelling capabilitylvalllow investigation of nitrogen
dynamics, crop sequence, intercropping, crop resicianagement and soil and
water management in rice-based cropping systematifi{get al., 2003; Wang et al.,
2003).

A cropping system model, APSIM (Agricultural Protloo System
Simulator), developed in Australia is able to pcedirop growth, yield, nitrogen
uptake, nitrogen dynamics in soil and rotation @feon crop residue over a long
period (Keating et al.2003). System-related processes are available yoceop
module from APSIM'’s infrastructure and generic ctigary (Wang et al.2003).
However, APSIM is based on dryland farming systeatker than lowland paddy
farming systems and have been rarely used for argppystem of the tropical
regions. Furthermore, APSIM has not been develsedlate growth of upland or
lowland paddy (Keating et al2003). Lowland rice has a relatively more complex
carbon and nitrogen dynamics compared to other scrbpcause it includes
transformation and leaching of nitrogen betweeratewponded region and oxidized
and reduced soil layers. The alternation betweaeratic condition during ponded
rice growth period and aerobic condition during tiny season of a succeeding
legume crop in a rice-rice-legume rotation providesmodelling challenge to
simulate these characteristics of lowland rice-Basepping systems. Currently the
model is lacking the capability to simulate thesecpsses (Keating et aRp03;
Zhang et al.2007). Various relevant chemical and biologicalgesses that occur in
a long-term ponded field have been unavailableiwi?SIM modules.

Gaydon et al. (2009) has recently developed a navetionality, ‘Pond
module’, that can be incorporated into the framéwoir APSIM (Keating et al.,
2003). APSIM-Pond describes the biological and dbhahprocesses responsible for
the loss/gain of C and N in rice ponds includingahlturnover and biomass
incorporated in rice-based farming systems (Gaytal., 2009). APSIM now has a
capability to simulate growth and development oérand it includes other important
features of a rice cropping system such as fatibs, transplanting and field
management practices for the alternation of aerab@ anaerobic environments in
rice-based cropping systems. It also includes itaporaspects of rice physiology,
such as photosynthesis, phenological development yaeld as simulated in
ORYZA2000 using the existing APSIM modules for watatrogen and other soil
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properties and management aspects. Such a systgabildg will allow

investigation of rice-based cropping systems andyaaver effects for improved
decision-making in the management of a wide rarfgeraps. The versatility of the
model can be increased to simulate the nitrogeramyes of lowland paddy and
productivity of rice-rice-legume rotation systemgpitally practiced in Asian

countries.

2.6 Summary

Increased rice production is needed to meet thadypopulation growth with
limited area of arable land and restricted wat@psu Coarse-textured soils arew
used in tropical regions for raising both uplandpsr and lowland irrigated rice.
However, it is difficult to maintain continuous @lding conditions in porous soils
under rice due to high losses of water via peramatSince rice is one of the biggest
users of fresh water, it is clear from this litewrat review that research on water
management is needed to conserve water and increai®® use efficiency by
producing more rice with less water in an irrigapedduction system. Crop growth
and yield greatly depend @upply and availability of soil N. However, efficie
utilisation of the applied N via fertilisers remainery low, that is around 20-40%. If
nitrogen application and irrigation are not appraigly managed, significant amount
of nitrogen could be lost. The fate of applied Mwd be studied quantitatively to
determine the extent of negative impacts on theiremwment. Nitrogen
transformation and distribution in rice-based cliagpsystems are too complex to
accurately assess the effects of applied nitrogeriger on the productivity of the
succeeding crop within the cropping system. Cropukation models of APSIM-
Oryza can help synthesize this and other informadiod may provide a way of
extrapolating this information to othexgions of interest. However, models of rice-
based cropping systems of APSIM-Oryza are yet tedibrated and validated to
increase our confidence in simulating rice-basegming systems over a sufficient

period.

28



Chapter 3

CHAPTER Il
Methodology of Field Experiment

This chapter provides details of the materials @xethods used in this stu
including details of experimental site and designjl type, climate data ar
sampling method for lowland ri-based cropping systems involving rice and leg

crops.

3.1 Site andclimate

A field experimentwith lowland rice Qryza sativaL. cv Cigeulis) anc
legumes (details given later in this chaptwas conductedat the Experimeal
Station of theAssessment Institute for Agricultural Technol (BPTP) in the
Lombok island, West Nusa Tenggara Province (NTB)Imdonesia(08°35'N,
116°13E, 150m elevation) to evaluate water and nitrogen managesirategies i
the tropical lowland ric-based cropping systems (Fig. 3.Rice-rice-legumes are
the typical crop equence practiced in this region.
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Figure 3.1 Map of Indonesia and Lombok Island wherethe experimental site was
located (dot red). (Source:http://www.mapsofworld.com/indonesia/mapsfidonesic-
political-map.jpg).
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Daily weather data consisting of maximum and mimmemperature,
radiation and rainfall were collected from a weats@tion at the experimental site.
The climate of this region is tropical and humidiaa strongly influenced by the
monsoon with a long-term annual average rainfaR®76 mm. Approximately 70—
80% of the total rainfall is distributed during Newber-April (Fig. 3.2). The mean
daily minimum air temperature ranged from 20.12%C August to 24.0°C in
December, while maximum temperature ranged fro&% in July to 31.76°C in
November. The low and high mean radiation rangechft6.48 - 20.7 MJ ﬁ1da)71
in November to March and from 22.04 - 25.03 M¥ day* in April to October,
respectively (Fig. 3.3).

250 - - 450
. Rain (mm) ——ET (mm) |
- 400
200 - [ 350
= - 300
€ 150 i _
£ - 250 E
A - E
5 L 200 =
@ 100 - [ B
= - 150 3
= [ &
i L 100
50 -
- 50
0 - - 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3.2 Average monthly rainfall and evaporation(ET) over 13 years (1997-2009) at
the experimental site.
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Figure 3.3 Average daily radiation (Radn), maximum(maxT) and minimum (minT)
temperature over 13 years (1997-2009) at the exparéntal site

The soil at the experimental site is classifiedaa$ypic Ustochrept (Soll
Survey Staff, 2006). Selected physical and chempcaperties of the soil at the
experimental site are presented in Table 3.1. 8niture was determined by
sedimentation methods described by Gee and Bawé86). Soil texture within the
top 100 cm at the experimental site varied withtddpm sandy loam (within the
upper 40 cm depth) to sand (at 70-100 cm depthg. SBimd and clay percentage of
the soil varied within 56-90% and 4-14%, respedtyiweith sand fraction increasing
with soil depth while silt and clay fractions dezseng with depth. Soil bulk density
also varied with depth in the range of 1.19-1.35 Mg The highest bulk density
was found at 20-40 cm, indicating that compactetezdardpan) was established at
the experimental site Soil organic carbon was datexd following Walkley and
Black method as described by Allison (1965) Orgaaidon content in the upper 20
cm soil was 1.61% and declined sharply to very lievel (0.07%) at 70-100 m depth.
This indicated that most of the organic carbon audated near the soil surface (0-
20 cm). Soil pH (1:5 soil-water suspensions) remaiclose to neutral (7.0-7.4).
Cation exchange capacity (CEC) was determined usnmeghods described by
Rayment and Higginson (1992). The CEC was withraraye of 6.71 - 17.31 cmol
kg! and was highest at soil surface (0-20 cm deptt) decreased with soil. The

level of mineral nitrogen in the soil varied witemth ranging from 0.06 — 0.12%,
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3.98 — 12.28 mg kj and 3.77 — 6.76 mg Kgfor total-N, NQ-N and NH-N,

respectively.

Table 3.1 Properties of soil at various depths ahe experimental site.

Soll pH Tota-N NG-N NH;-N P,0Os oC CEC
depth (cm) (1:5) (%) - 1 e — (%)  cmok kg™

0-20 7.24 0.12 12.281 6.759 90.77 1.61 17.31
20-40 7.36 0.11 6.721 4.547 71.93 0.80 14.18
40-70 6.97 0.08 5.071 4.270 40.59 0.09 8.12
70-100 7.19 0.06 3.981 3.770 21.38 0.07 6.71

Soil Soil fraction (%) DUL BD Porosity
depth (cm) Sand  Silt  Clay (%) gch (%)
0-20 56 32 12 29.6 1.19 55.1
20-40 73 13 14 27.2 1.35 49.2
40-70 85 9 6 23.1 1.27 51.9
70-100 90 6 4 20.9 1.23 53.4

Notes: pH measured at 1:5 soil: water suspensiois;= organic carbon; CEC =
Cation Exchange Capacity; DUL = Drain Upper Linfield capacity); BD = bulk
density. Phosphate was analysed using Bray's metasity was calculated from
Soil Bulk Density using; Porosity (%) = 1-(BD/2.85)0.

3.2 Rice experiment

3.2.1 Experimental design

The field experiments were conducted during Octdd@d7 to November
2009 over 6 cropping seasons to grow two cropseifnee, dry rice and legumes.
The cropping calendar for various seasons of nceet and dry seasons including
growth stages for the field experiment, crop manage and sampling activities is
shown in Table 3.2. The experiment was based guliapsot design consisting of
three replicates of all treatments within a givdack. Two irrigation treatments
(referred to as CS and ASNS to indicate contingyogsbmerged and alternately
submerged and non-submerged treatments, respgtivete randomly allocated as
main plots and three rates of N-fertilization (reéel to as FO, F1 and F2 treatments
to indicate the application of 0, 70 and 140 kgad\‘hrespectively) as subplots
within each main plot (Figure 3.4).
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Figure 3.4 Layout of the field experiment. CS = caimuously submerged; ASNS = alternately submergedra non-submerged; F,
F,and F, = 0, 70 and 140 kg N ha respectively. Arrows indicate inflow and out flowwater

33



Chapter 3

Plot size was 5 x 6 frand black polyethylene plastic sheets were indee
a depth of 0.8 m from surface in the middle of thend (mounds to separate
adjoining plots) to minimise seepage of water aygs lof fertiliser from plots. Bund
size was 0.4 m height by 0.4 m width and distaretevéen a block was 0.4 m for

inflow and outflow irrigation.

3.2.2 Field preparation

Preparation of the rice plots started about onetmdefore the rice was
transplanted. The plots were fiftioded for a few days armloughedtwice by hand
with a hoe across the plots to disturb the soihiwita depth of 15-20 cm. The soil
was then puddled 3-5 days after ploughing and lfinlelvelled using a levelling
board. A space of 28 20 cm was marked and used at the time of transpéarice

seedlings.

3.2.3 Rice planting

Rice seeds of the high yielding inbred variety ‘€ilis’ were first pre-
germinated by soaking in water for 24 hours andedlaunder shade by covering the
seeds with hessian (gunny) bags for 2 days. Pmeigated seeds were then
broadcast in nursery beds and covered with somengeased manure. Once the
seedlings were established, the nursery was iedhgdb raise the water level
gradually to accommodate the growing plant. Thigshoe of raising seedlings is
referred to as wet-bed method (Basra et al. 20@ftgr 17 days, seedlings were
removed by hand from the nursery and transplamttedexperimental plots by hand

at a spacing of 0.2 0.2 m with 1 seedling per hill.

3.2.4 Fertiliser application

Urea was used as nitrogen fertiliser and was spbt3 applications viz. 20%
at 7 days after transplanting (DAT), 30% at 29-3ATD and 50% at panicle
initiation (45-50 DAT). Nitrogen fertiliser ratesere 0, 70 and 140 kg N ha
hereafter referred to as FO, F1 and F2, respegtifdie 140 kg N hawas locally
recommended N fertiliser application rates in theaaof study. However, farmers
usually apply 184-230 kg N Hawhich is higher than the recommended rate
(Wirajaswadi et al., 2002). Phosphorus and potasdertilizers were applied to all
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plots at the rates of 100 kg TSP (triple superphasy) ha' and 50 kg KCI

(potassium chloride) Aj respectively as basal fertiliser before transianof rice.

3.2.5 lrrigation

Each main plot was irrigated separately and theuatof water measured
using V-notch weirs installed at the entry point edch main plot. Simplified
discharge rate of V-notch weirs can be expressedobews (US Bureau of
Reclamation, 2001):

Q=4.28xCx tanf/ 2x p+ k ¥? (3.1)

whereQ = flow rate ff s*, C = effective discharge coefficiertt;= head on the weir
in ft; k = head correction factor at any notch angle. Tdedtcorrection factok) and
discharge coefficientQ) are both functions of notch anglé @s shown in Fig. 3.5.
A schematic diagram of V-notch weir is shown in.Rg. Measurement of h over
the duration of irrigation time (s) allowed calding the volume of water applied
during an irrigation event. Water depth of irrigatiwas calculated by dividing the
volume of water applied by main plot area.

A pump with discharge rates of 33 fi* was also installed to pump water in
a storage pond close to the experimental siteigate the plots when water was not
available at irrigation channel. The date and arhafnirrigation applied were

recorded.
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Table 3.2 Cropping calendar for four rice growing gasons during 2007 — 2009 at the field experiment.

Rice seasons

Crop management and

sampling activities 2007-2008 2008 2008-2009 2009 Comments
(wet season)| (dry season) | (wet season) (dry season)
Nursery sowing 06 Nov 07 14 Mar 08 15 Nov 08 13 oar
N 100 kg TSP ha (triple super

Basal fertiliser 20 Nov 07 30 Mar 08 1 Dec 08 29 da phosphate) and 50 kg KCl Ha
Transplanting 23 Nov 07 02 Apr 08 02-Dec 08 01 Adr Plant spacing: 20 x 20 cm
1% urea fertiliser applied 30 Nov 07 10 Apr 08 10 D& 9 Apr 09 20% of total N fertiliser
Floodwater sampling, pH and 30 Nov 10 10-20 Apr 08 | 10-20 Dec 08 9-19 Apr 09 One before anq 10 consecutive
temperature measurement | Dec 07 days after fertiliser application
tsil?é'riigd plantsampling at | 31 hec o7 1 May 08 2 Jan 09 30 Apr09 |  Samplingrtaazh plot

nd g -
2 “urea fertiliser applied at | 4 5, g 2 may 08 3 Jan 09 1 May 09 30% of totiirtiliser
tillering stage
Floodwater sampling,pH and| ; 14 3.1 08 212 May 08| 3-13Jan09  1-11 May pgefore and 10 consecutive days
temperature measurement after fertiliser application
Soil and plant sampling at |, , ;. g 24May08 | 22Jan09 | 19 May 09
panicle initiation

rd g .
3" urea fertiliser applied at | ;o 5, g 25 May 23Jan09 | 20May09|  50% of tat tertiliser
panicle initiation stage
Floodwater sampling , pH and15_25 Jan 08 25 May — 4 23 Jan -2 Fel 20-30 May 09 before a_npl 10 con_sec'utlve days
temperature measurement Jun 08 09 after fertiliser application
Soil and plant sampling at | 5 5, g 09 Jun 08 05Feb09 | 09 Jun 09
flowering stage
Harvesting 05 Mar 08 16 Jul 08 12 Mar 09 11 Jul 09
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Figure 3.5 Value of discharge coefficient (C) anddad correction factor (k) for various
notch angles of a V-notch weir (Boman et al., 2008)

Water flow

Figure 3.6 A schematic representation of V-notch weinstalled in the experimental
sites and associated measurements.

For both CS and ASNS irrigation treatments, pondlater depths in the field
were maintained between 0 - 2 cm within the firgtays after transplanting (DAT).
After this period, the treatments were introducEdr all plots of CS treatment,
Irrigation in each block was applied in the morninognaximum 10 cm and allowed
to reach about 0-1cm before re-irrigation. Whenewatput from rainfall exceeded
above the maximum ponding depth, the plots wermedeato the desired water depth
and regarded as surface runoff. The quantity dasarrunoff in both CS and ASNS
plots was estimated by subtracting rainfall withxmaum ponding depth of each CS
and ASNS treatment.

For all plots under the ASNS treatment, maximumdbog depth of 5 cm
was achieved and any excess rainfall was draineddiatain the desired ponding

depth within the plot during rice growth period. RS plots remained without
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submergence 4-6 times for approx. 5-7 days depgndm antecedent rainfall.
During this period, water depth was allowed to ddopvn to 10 cm below the soil
surface although the soil remained saturated beéneigation.

The depth of ponding was measured daily in the mgrauring the rice
growth period using PVC stand pipes (15 cm diamater 40 cm long) which were
installed in each plot to a depth of 20 cm below #oil surface (Fig. 3.7). The
bottom of the pipe was sealed was an end cap aageréorated with approx. 0.5-
cm diameter holes at spacing of 2-cm on the sidheabottom of the pipe. During
non-submergence period in ASNS plots, the depthatér level reaching below soill

surface was also recorded from inside the pipes.

Figure 3.7 PVC pipes installed at all experimentaplots to measure daily ponding
depth and water depth below soil surface.

The ground water table at the experimental site mvaasured daily using a
well located 20 m from the experimental site. Adamler was installed inside the
well up to the soil surface and the depth of growader table was recorded daily.
The daily percolation rate of experimental sites weeasured daily using a covered

metal cylinder of 60 cm diameter inserted into $oia depth of 25 cm. The cylinder
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was initially filled with water and the differenae water level from the previous day
indicated daily percolation rate (Figure 3.8). Flaater from all plots was drained
10 days before harvesting. McCauley and Way (20€Rorted that there was no
reduction in yield or milling quality of rice whetme field is drained two weeks
before harvesting rather than the common practickaning four weeks after 50%

heading.

3.2.6 Pest and weed control

All weeds and pests were controlled in the fielgpaxment. Weeds were
removed manually by hand. Carbofuran (carbamatth@sactive ingredient) was

applied at a rate of 2.2 kg hat flowering stage of each season to corttrelout

breaks of rice stem borerSdirpophaga incertulas).

Figure 3.8 Covered metal cylinder installed just otside of the experimental plots for
the measurement of daily percolation rates for theexperimental site. 1, Cylinder just
installed; 2, cylinder covered to minimise evaporabtn; 3, observing water depth in
cylinder.

3.2.7 Sampling and measurements

3.2.7.1Floodwater sampling

Floodwater of each rice plot was sampled the ddgrbeand 10 days after
each application of N-fertiliser. Five subsampldsfloodwater (100 ml) were
collected from each plot and mixed to make a sisglaple. All floodwater samples
were immediately brought to the laboratory anceféd with Whatman filter paper
no. 42. The filtrate was analysed for NN and NQ-N using the standard methods

for examination of water and wastewater as desdiilyeEaton et al. (1995).
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3.2.7.2Soil sampling

Soil was sampled at each stage of rice growtte(iilf, panicle initiation,
flowering and harvesting) concomitantly with plasampling. Soil samples were
taken from each plot with an augur for 0-20, 20-40570, 70-100 cm soil depths.
The sampled hole was filled with clay from outsiofethe plots to maintain soil
continuity within the plot. Representative subsaspbf these soil samples were
immediately analysed for NN and NH-N. The remains of the soil samples were
air dried for further analyses for total-N and origa carbon. Additional
representative soil samples from the experimenii& were also collected to
characterise physical and chemical properties. & hmesasurements included soill
texture, pH, EC, organic carbon, Cation ExchangpaCisdy (CEC), exchangeable
cations (C¥, Na', Mg and K), total-N, NQ-N, NH,-N, and Phosphate. These soil
properties were reported early in Table 3.1.

Moist soil samples when collected in the field wéreroughly mixed and
representativeubsamples were extracted immediately in the labordy shaking
the soil samples with 2 M KGblution (at a 1:6 soil:water ratio) for one hour @
mechanical shaker. The soil samples were filteretithe extracts were analysed for
NH,~Nand (NQ + NO,)-N by a micro-Kjeldahl procedure (Mulvany, 1996he
remainder of the soil samples were air dried f@ &ays before total-N and organic
carbon analysed. Total-N was measured using migetd#hl procedure following
digestion, distillation and titration procedures d@escribed by Mulvaney (1996).
Organic carbon of each soil sample was determin#dwing Walkley and Black
method as described by Allison (1965). Water cantérsubsamples in both moist
and dried soil samples was estimated to apply ctorefor soil moisture.

3.2.7.3Plant sampling

For each rice crop, plant samples were collectad fimes: tillering (30
DAT), panicle initiation (52 DAT), flowering (66 DA), and harvesting (100 — 110
DAT). Six hills of rice plants were cut at the gnoulevel and separated into green
leaf (blade), dead leaf, stem and panicle (if aas/romponents of the above ground
biomass. Dry weight of each fraction of biomass vex®rded after drying samples
at 70C for three days or constant as described by Mi(£998). Total-N

concentration of each plant sample was determirsgnguhe same method as for

40



Chapter 3

total-N of soil. N uptake of rice was estimated @& product of total-N

concentration and biomass.

3.2.7.4Leaf area index

Leaf area index (LAI) for rice was estimated usitige direct method
described by Breda (2003). A leaf area meter (M@l€202, CID Bio-Science, Inc.,
USA) was used to measure leaf area of the grednfrieation of plant biomass.
Specific leaf area (SLA) was calculated by dividlagf area by the dry mass of the
green leaf sample. LAl was estimated by multiplyBIgA by the total dry mass of

leaves over a known ground area.

3.2.7.5 Yield and productivity

A 2 m x 2 m area within each plot was used to esténgrain yield in kg Ha
at 14% grain moisture content. Previous biomasgbagilocations in all plots were
avoided for accurate measurement of yield. Fron6théls within the sampled area,
grain samples were dried in a convection oven &€ 70r 2 days or to a constant
weight for the estimation of 1000 grain weight,igf&l and grain-protein. Grain-N
concentration was determined using the same medloidr plant total-N. Grain-
protein concentration was converted from grain-Noemtration to protein by
multiplying it with the protein conversion ratio &13 (Mosse, 1990). Nitrogen
utilisation efficiency for the crops was computeg dividing the grain mass (kg
grain) by the N content of plants (kg N) (Samorttale 2006). Water productivity
(kg grain m® water) was calculated as grain yield divided gy tbtal net water input
(irrigation + rainfall-runoff) that was summed ftihe period of transplanting to
harvest (Molden, 1997).

3.3 Legume experiment

The experiment with legume was conducted over Zppny seasons
following the second rice crops during July to NioNeer in 2008 and 2009. Peanut
(Arachis hypogaed.) cultivar Garuda and soybea@lycine max.. Merr.) cultivar
Wilis were immediately planted after the harvesthd second season of rice. The
cropping calendar for legumes including growth stafpr the field experiment is
shown in Table 3.3. The experiment was based qgulilap$ot design consisting of
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three replicates of treatment within blocks similarthe experiment with rice. The
main treatments, was two irrigation treatments Gl ASNS for rice, were
substituted with peanut and soybean crops anduthglat involved three rates of N-
fertilisation (referred to as FO, F1 and F2 treattreto indicate 0, 12 and 24
kg N ha?, respectively).

3.3.1 Soil preparation and legume crops cultivation

The soybean plots were not cultivated as it is comipractice in irrigated
areas in this region. The peanut plots were plodigivel harrowed prior to peanut
sowing. Certified seeds of peanut and soybean s@ma with 2 seedlings per hill at
a spacing of 30 x 20 cm for soybean and 40 x 2@ocmpeanut. Sowing date of each
crop in various seasons are given in Table 3.3 Ricaw was returned to each plot
as mulch for both peanut and soybean.

For Soybean, phosphorus (P) and potassium (K)isers were applied 10
days after sowing (DAS) at the rates of 75 kg TSP&6ha and 50 kg KCI per ha,
respectively (as locally recommended). Nitrogetiliser was applied according to
the treatments schedule. N treatments for bothesmytand peanut included three
rates: 0, 12 and 24 kg N HaFor soybean, N treatments were applied as 3026 at
DAS, and 70% at 30 DAS. For peanut, all N fertiligeatments, P and K fertilisers
were applied at the rates of 100 kg SP36 per habardy KCI per ha, respectively
(as locally recommended) at10 DAT. Irrigation watexs applied to prevent plants
from water stress. The amount and time of irrigatias estimated from a lysimeter
installed in experimental plots. All weeds and pestre controlled in the field
experiment. Weeds were removed manually by hansecticide Decis 1.5EC
(Deltamethrin as the active ingredient) was appéied rate of 150 ml Haat 23 and
32 DAS in 2008 and 2009 seasons to control pestsiglisoybean and peanut
growth periods.
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Table 3. 3 Cropping calendar used for legume cropduring the field experiment.
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Crop management and 2008 2009 Comments
sampling activities Peanut Soybean Peanut Soybean
. Spacing for peanut:40x20 cm; fq
sowing 19 July 08 19 July 08 19 July 09 19 July 09 soybean:30x20cm
N fertiliser applied at once for
Basal and % N fertiliser 28 July 08 28 July 08 28 July 09 J8y 09 peanut and of 30% of total N
fertiliser was applied for soybear
Soil and plant sampling at .
Vegetative stage 21 Aug 08 21 Aug. 08 20 Aug. 09 20 Aug. 09 Samptadgen each plot
nd ape - 0 g
2 ureq fertiliser applied at 22 Aug. 08 22 Aug. 09 70% of total N fertiliser for
vegetative stage soybean
Soil and plant sampling at | 5 o g 5 Sep. 08 30 Aug. 09 30 Aug. 09
flowering
Plant sampling 10 Sep. 09 10 Sep. 09
Plant sampling 20 Sep. 09 20 Sep. 09
Plant sampling 30 Sep. 09 30 Sep. 09
Plant sampling 10 Oct. 09 10 Oct. 09
Harvesting 18 Oct. 08 24 Oct. 08 20 Oct. 09 24 Qet.

=
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3.3.2 Plant sampling

For each plot, plant samples were collected threest coinciding to the key
growth stages of the crop. These included vegetaiage (30 DAS), reproductive
stage (flowering: 45 and 48 DAS for peanut and sayh respectively) and
harvesting stage (91-93 DAS and 97 DAS for soybaach peanut, respectively).
About 8-hill and 6-hill plant samples for soybeamdapeanut, respectively were
taken from sample areas of 0.50 tm determine crop biomass, leaf area index and
total-N crops. The sampling and measurement praoesdfor these crops were
similar to that for the rice crop.

Soybean and peanut crops were harvested at physaleonaturity and yield
recorded at 11% moisture content. A 3 m x 2 m antx2 m area within each plot
for soybean and peanut respectively were usedmmplsagrain yield and converted
to kg ha". In the 2009 legume crop season, additional antples were collected

at 10-day intervals to estimate biomass and numaheémveight of root nodules.

3.3.3 Soil sampling

Soil was sampled at each growth stage of peanusaylgean, the same times
with plant sampling that coincided with the vege®treproductive and harvesting
stages. The soil sampling and measurement procethuréghe legume seasons were

similar to that for the rice crop.

3.3.4 Nodulation

The root systems of three hills of plants colledredn each plot were gently
taken using a core barrel (8 cm in diameter) toepthl of 20 cm. Samples were
washed gently with water to remove soil. Root nedwere counted for each plant,
air dried and weighted. Root nodule samples welleated at vegetative, flowering,
pod filling, full pod fill and full seed growth sgas for both peanut and soybean.

3.4 Statistical analysis

Most data were subjected to analysis of variaA®¢QVA) with irrigation or
legume crops as mean plot treatment and N treasn@ansub- plot treatments using
the Genstat Software (Version 9.2.0.153, VSN Irggomal Ltd, Oxford). When one
or more treatments had a significant effect on asueed parameter, least significant

difference (LSD) was calculated to compare meanesbf treatments.
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CHAPTER IV

Growth and yield of lowland rice on coarse solls in
response to water-saving irrigation and nitrogen

management strategies

4.1 Introduction

Rice is the staple food crop in Asia occupying b38ion hectares of land,
over half of which is irrigated (Calpe, 2001; FADQ99; Kennedy et al., 2002).
Since there has been a global decline in harvestsl for rice during 1999 to 2005
(FAOSTAT, 2005) and a growing need for rice to fe4@00 million people
(Greenland, 1997) by 2015, there is an ever-inatgaseed and challenge to
increase rice productivity. The possibility for exuling the area under rice-based
farming systems is also limited due to increasedptition for land and water from
the urban and industrial sectors with the poputatypowth within the major rice
producing nations (Nguyen, 2006; Tuong and Bhuiy&99).

Most of the soils used to grow lowland rice (alsterred to apaddy have
fine texture with low percolation rates that allextended periods of submergence.
These soils become anaerobic when submerged (flpdtat reduces nitrification
allowing accumulation of Nl#+N essential for growing lowland rice (De Data, 399
However, with increasing demand for rice and ottr@ips to support the growing
population within major rice growing natiorsarse-textured soils abeing used
increasingly for both upland and lowland irrigatede (Aulakh and Bijay-Singh,
1997; Aulakh and Pasricha, 1997). It is difficuit taintain flooding in coarse-
textured soils over a long period due to inherehtgh soil permeability leading to
high water percolation ratesDevelopment of appropriate irrigation strategies to
maintain rice production with available water res®s within the agricultural sector
is a high national and global priority as rice proton needs to increase by 70%
over the current production levels by 2025 (Tuond Bhuiyan, 1999).

Conventional water management in lowland rice imesl at maintaining

continuously submerged (CS) conditions from traasiphg to crop maturity. Water
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and nitrogen managements in eastern Indonesiaeareragly similar to any other
rice growing region in SE-Asia. Continuous submaogeand broad application of N
fertiliser at the farmer’s recommended rate is aegal practice throughout the
region. More rigorous examination of this practieeeeded including comparing it
to alternative practices such as maintaining iniem nonsubmerged conditions
over several days throughout the growing seasorurfBm and Tuong, 2001).
Systems of alternate submergence-nonsubmergend¢S,A8so known as alternate
wetting and drying, AWD) conditions have been répadrto maintain or even
increase yield of rice in some parts of China @001; Mao, 1993). However,
similar benefits of ASNS systems have not beenrebgan the Philippines, India or
Australia when compared with CS systems (HeenanTdmampson, 1984; 1985;
Mishra et al., 1990; Tabbal et al., 2002; Tripahal., 1986). The success of ASNS
systems possibly depends on other environmentalittons, such as soil type, depth
to groundwater, the timing and duration of nonsulyeé condition, the nature of
the rice cultivar, and crop management aspectudnal nitrogen fertilization
(Bouman and Tuong, 2001; Tabbal et al., 2002, Tueingl., 2005). Most of the
experiments with ASNS systems have been conductethgey soils with a shallow
ground water table. However, the hydrological amdirenmental conditions of
coarse soils under which current and future ricgetdacropping systems might be
located is limited. Further studies will extend égmowledge of the response of rice-
based irrigated cropping systems to coarse textsmédd where the competition for
land with urban and industrial sectors is high.

When rice is grown in areas with fine textured séd.g. silty clay loam) and
shallow water tables (within 0.5 m from soil sudacrice yield with alternately
submerged and non-submerged (ASNS) irrigation regins either similar or
slightly lower than continuously submerged (CSigation regimes (Belder et al.,
2004). In this situation, with ASNS type of irrigat regime, rice is not exposed to
significant water stress due to capillary contribotfrom the shallow water table
(Tuong et al., 2005). However, in areas with a deager table and coarse textured
soils, reduced capillary contribution of the wativle to water used by the rice crop
may reduce yield for ASNS water regime compare@%$o Soil water deficit within
the crop’s root zone also contributes to yield . A soil water potential <-20
kPa within the top 10 cm depth has been reportedednice yield significantly

(Cabangon et al., 2003) while no adverse impagtield was observed when the soil
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water potential within 15-20 cm depth was maintdimgthin -8 to -16 kPa (Hira et
al., 2002). The aim of this study was to compaeertiative effectiveness of ASNS
and CS irrigation practices in maintaining produtyi when it is combined with

various N-fertilizer rates on a coarse soil witlepl@vater table in the tropical region

of eastern Indonesia using four rice growing sea$mm October 2007 to July 2009.

4.2 Materials and methods

Full details of the field experiments related teststudy are described in
Chapter 3. Essential aspects of the experimentaedly discussed below. The
experiment consisted of a randomised split plotigieswith two irrigation
treatments: CS and ASNSas main plot and threegaitrdertiliser rates (0, 70 and
140 kg N hd hereafter referred to as FO, F1 and F2 respeygjives subplot
treatments with three replications. In plots untierCS water irrigation, the ponding
depth was allowed to fluctuate between 0-10 cmuinout the rice growth period,
whereas for the ASNS irrigation treatment, the mmaxn ponding depth was 50 cm.
Water irrigation was applied to maximum pondingttiep the morning when water
depths were close to zero. Any rainfall occurribg\ee maximum ponding level was
drained during the growth period of rice. Plots emthe ASNS treatment remained
without submergence for around 5-7 days for 4-@&sirduring the growth period,
depending on the amount and rainfall received. muthis period, water ponded
depth was allowed to drop down to 10 cm below thessirface..

The field experiment was conducted during Octol@€y72t0 July 2009 which
consisted of two wet and dry seasons. First rice planted in the wet season
(transplanted on 23November 2007 and harvested dhMarch 2008). Plant and
soil samples were taken at four main phenologitades of rice (tillering, panicle
initiation, flowering and harvesting). Soil samplesfour soil layers (0-20, 20-40,
40-70 and 70-100 cm) were analysed for ;AN NOs-N, total-N, and organic
carbon (OC). Plant samples were measured for dmpdss and the concentration of
total-N. At harvesting stage, rice plants were sachjn an area of 100 Tito obtain
grain yield, which was converted to kg of grainlgiba® and presented at 14% grain
water content. The second rice crop was transplaateapproximately one month
after first harvest of the first rice crop at thedeof the wet season, coinciding with
the dry season (transplanted chAlpril 2008 and harvested on"f8uly 2008). Al
cultural practices and sampling procedures werdagirto the first rice season. The
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cultural practices and sampling procedures wereatep for these seasons in the
following year (2008-2009). All data were analyseith the Genstat software
(Version 9.2.0.153, VSN International Ltd, Oxford).

4.3 Results

4.3.1 Weather

Average daily weather data (minimum and maximumperature, radiation
and rainfall) during rice growth seasons are preesein Table 4.1. Cumulative
rainfall during the wet season of 2007/2008 waseartban three times the rainfall
received during the dry season of 2008. Similarlynulative rainfall during the wet
season of 2008/2009 was more than twice the ransfedived during the dry season
of 2009. Table 4.1 shows that the climate of thpeexnental site is typical of a
tropical and humid monsoon region and account3®#80% of total annual rainfall
during November to March/April. Seasonal year taryeariation was changed to
seasonal and inter annual variation. Seasonalrged annual variation in radiation
was also small, except that it was much lower duthe rice dry season of 2009.
However, the long term climate data (Chapter IHpws that radiation in the dry
season was higher than in wet season while maxi@wgnminimum temperatures

were in a reverse pattern.

Table 4.1 Average radiation maximum and minimum tenperatures and total rainfall
during the two wet and dry rice growing seasons.

Maximum Minimum

Radiation Rainfall
Seasons (MJ 2 dayl) temperature temperature (mm)
’ (°C) (°C)
2007/2008 (wet) 20.1 32.1 24.0 1051
2008 (dry) 22.2 315 22.9 298
2008/2009 (wet) 17.3 30.4 23.5 998
2009 (dry) 14.3 31.7 205 409

4.3.2 Ground water table

Variation with the daily water table depth over ¢ifor the experimental site

is presented in Fig. 4.1. In general, the wateletaémained close to the soil surface
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at 470 cm during December to June due to the lagtiall during the wet season as
described in Table 4.1. The water table droppediiap around 520 cm thereafter
from July and remained around a similar depth untd October. Recovery of the
water table after October 2008 could be due tdfakiwhich occurs usually during
November to April. During the dry rice season,gation water of the rice field was
supplied from an irrigation channel which may haeatributed to the water table
remaining close to soil surface. Since the irrgatthannel was drained at the end of
the rice growth period in the dry season (early)J@ rapid drop in the depth of the

water table to the lowest level principally occarauring the dry seasons.
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Figure 4.1 Daily fluctuation in groundwater table depth at the experimental site from
23 November 2007 to 31 December 2008.

4.3.3 Flood water dynamics during rice growth periods

Daily variation in ponded water depth and rainfldr CS and ASNS
irrigation treatments during the rice growing sewsof 2007-2008 and 2008-2009
are shown in Figs. 4.2 and 4.3, respectivBelynding depths for both CS and ASNS
irrigation treatments remained within 0-2 cm in firet 7 DAT and drained at 10
days before rice was harvested and irrigation reats introduced between these
periods. Water depth varied across rice seasons and irrigat@atmentsThere was
a clear difference in the water regimes betweert\oeirrigation treatmentdn the

CS irrigation treatment, water depth fluctuatedrfrd — 10 cm throughout the rice
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growing season. In the ASNS treated pldtere were periods without standing
water for 5-7 daysMaximum water depth was less than 50 mm during giowing
seasons with minimum water depth of 64 mm, 79 mé,nbn, and 99 mm in
2007/2008, 2008, 2008/2009 and 2009 rice growirgaes respectively. In ASNS,
water depth dropped below the soil surface to atgradepth in dry seasons than in

wet seasons.
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Figure 4.2 Variation in daily water depth and rainfall for CS and ASNS irrigation

treatments during 2007/2008 (A) and 2008 (B) ricergwing seasons. Negative value of
water depth indicates presence of water level belogoil surface.
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Figure 4.3 Variation in daily water depth and rainfall for CS and ASNS irrigation

treatments during 2008/2009 (C) and 2009 (D) ricergwing seasons. Negative value of

water depth indicates presence of water level belogoil surface.

Total water input during the wet seasons (2007/2808 2008/2009) was

always higher than during the dry seasons (20082809) (Table 4.2) which was

probably due to higher rainfall during the wet sgathan during the dry season. At

all times, water input from irrigation was highender CS than under the ASNS.

Furthermore, percentage of days without pondingeiat the ASNS treatment was

higher in dry seasons than in wet seasons. Totrwaput into plots from irrigation

and rainfall during the four growing seasons oénianged from 2053 to 2272 mm
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for CS and from 1335 to 1590 mm for ASNS. Thesékhces allowed irrigation
water to be saved in the range of 36 — 44% with 83fdmpared to CS irrigation
regimes during 2007-2009. When combined with wedgtured from rainfall during
the growing seasons, there was water saving of 885% during the four rice
seasons. Mean percolation rate during 2007-2008iggoseasons was around 10.4
mm and increased further to 17.1 mm Yajuring 2008-2009 growing seasons

(details not given).

Table 4.2 Water input for CS and ASNS irrigation treatments and water saved and
days without ponding for ASNS during four rice growing seasons (2007-2009).

_ 2007/2008 2008 2008/2009 2009
Water input
CS ASNS CS ASNS CS ASNS CS ASNS

Rainfall (mm)* 1051 1051 298 298 998 998 409 409
Net rainfall (R, mm)# 1046 940 233 233 965 849 409 392
Irrigation (I, mm) 1080 690 1820 1102 1234 689 1864 1198
Total water input
(I+R) 2126 1630 2053 1335 2199 1538 2272 1590
Irrigation water saved
with ASNS (%) 36 39 44 36
Total water saved with
ASNS (%) 23 35 30 30
Days without ponding
water in ASNS 22 35 28 32

*, total rainfall during rice growth period; #, netinfall retained within plots

4.3.4 Water productivity at various irrigation and N fert iliser treatments

Both irrigation treatments and N fertiliser apptioa rates, and their
interactions had a significant effect on water picitvity of rice in all rice growing
seasons (Table 4.3). The influence of irrigatioeatments and N fertiliser
application rates on water productivity over folwergrowing seasons is presented in
Fig. 4.4. Water productivity based on total wateput (irrigation+rainfall) was
highest with the ASNS and F2 combination of irrigatand N fertiliser treatment.

Water productivity increased significantly as nijea fertiliser application increased.
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Table 4.3 Variation in water productivity of rice as affected by various irrigation
treatments (I) and N fertiliser application rates §) during four seasons. CS is
continuously submerged; ASNS is alternately submesgl and non-submerged; FO, F1
and F2 indicate the application of 0, 70 and 140gkN ha®, respectively; *, ** and ***
indicate significant effects at P = 0.05, 0.01 ar@l001, respectively

ili water productivity of rice (kg grain fiwater
Irrigation (1)  Fertiliser P y (kg g )

F) 2007/2008 2008 2008/2009 2009
FO 0.189 0.179 0.176 0.115
CS F1 0.295 0.252 0.275 0.153
F2 0.369 0.302 0.343 0.188
FO 0.244 0.251 0.257 0.175
ASNS F1 0.382 0.356 0.385 0.233
F2 0.475 0.433 0.482 0.286
Mainplot()  * » "
Ftest  Subplot(F)  ***
IxF " 5 X 5

Water productivity in the ASNS treatment was siguaihtly higher than that
in CS treatment at given level of N fertiliser tr@ant. The mean water productivity
ranged from 0.11 to 0.37 kg grain®mvater and 0.25 to 0.48 kg grain®rwater for
CS and ASNS, respectively. Water productivity basedrrigation input was higher
than based on total water input, ranging from @dl8.73 kg grain i water for CS
and 0.22 to 1.12 kg grain fwater for ASNS. Water productivity during the wet
seasons (2007/2008 and 2008/2009) was slightlyehigtan during the dry season
(2008 and 2009), probably due to less irrigatiopliagd (Table 4. 3) and higher grain

yield in the wet season than in the dry seasonléT@ab).
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Figure 4.4 The dfects of irrigation treatments (CS and ASNS) andN fertiliser
application rates (FO, F1 and F2) on water productivityover four rice growing season:
For specific water productivity component, similar letter(s) for a given seaso
(2007/2008, 20082008/2009 and 2009) indicate the difference betweearean values tc
be less than LSD.LSD values for the interaction of irrigationxnitrogen on water
productivity for four consecutive seasons were 0.02.04, 0.02 and 0.02 kg grain
water. Vertical bars indicate SE (n = 3]

4.3.5 Nitrogen uptake

The effects of water and N feiser treatments on nitrogen uptake in f
rice growing seasons are presented in Table 4.4upbhke was significantl
influenced by nitrogen fertiliser but not by irrigan treatments. There was also
interaction effect of N fertiliser and irrigatioreatments on N uptake. Nitrog
uptake significantly increased as nitrogen fesilisates increased. In CS, nitrog
uptake ranged from 47 to 69 k¢ ha', 83 to 111 kg N haand from 140 to 163 kg
ha* for no fertiliser, 70 kg N ha' and 140 kg N hj respectively. In ASNS, nitroge
uptake ranged from 44 to 66 k¢ ha*, 90 to 109 kg N HAand from 139 to 162 kg
ha for no fertiliser, 71 kg N ha® and 140 kg N hj respectively. Although nitroge
uptakes were higher in CS than in ASNS, the diffeee was not statistical
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significant. Nitrogen uptake was higher during thet season (2007/2008 and
2008/2009) than during the dry seasons (2008 a@€)20

Table 4.4 Variation in N-uptake of rice as affectedy various irrigation treatments (I)
and N fertiliser application rates (F) during four seasons of rice growth. . CS is
continuously submerged; ASNS is alternate submergeshd non-submerged; 0, 1 and 2,
are 0, 70 and 140 kg N h'érespectively; values in the bracket are standard eliation. *,
** and *** indicate significant at P = 0.05, 0.01 aad 0.001, respectively. NS = not
significant at P > 0.05.

rigation (1) Fertiliser N-uptake (kg N hd)
(F) 2007/2008 2008  2008/2009 2009
FO 68.8 (12) 49.5(3) 58.24) 47.3 (5)
CS F1 111.2 (2) 82.9(4) 107.7(4) 96.6 (4)
F2 163.8 (4) 152.4(6) 157.0 (12) 140. (5)
FO 65.7(5) 47.1(6) 53.1(4) 44.2(4)
ASNS F1 109.4 (3) 91.1(8) 98.7(5)  90.4 (13)
F2 162.0 (11) 142.8(5) 146.7(7) 138.7 (5)
Main plot (1) NS NS NS NS
F-test Subplot (F)
IxF NS NS NS NS

4.3.6 Crop growth and development

The effects of irrigation and nitrogen fertiliseeatments on above ground
biomass at different phenological stages of ricer dour growing seasons are shown
in Fig. 4.5. Irrigation treatments did not signéfitly affect biomass accumulation
during development of the rice crop in any of tharfrice seasons studied. Biomass
in each phenological stage of rice increased asrtliger application rates increased.
In all rice growing seasons, the crop matured 4ygscearlier in FO than in F1 and F2
N treatments. In most cases, above ground biomasshigher in CS than in ASNS
during all rice seasons, although this differencas wot statistically significant.
Above ground biomass was higher in wet seasons/(2008 and 2008/2009) than
in the dry season (2008 and 2009).

55



Chapter 4

- _ Rice2007/2008 16000 - Ricell 2008
‘_'c‘g 16000 CSFo _
e 1| —=—csF
o 12000 7 | —&— CSF2 120004 =
2 { | = AsNSFO - ]
" 1 | =% ASNSF1 { & -
& 8000 1 | T SNery 8000 P
£ ] 1 g —
© 4000 - 4000 1 4/ g
@ 1 1 o1

0 0 : : :

355 14 30 65 120 140 160 180 200

~ 16000 - Rice 1112008/2009 16000 - Rice Vv 2009
£ 12000 '
(@) J
<
0 8000
9 |
€ 4000
2 1
oM

0

120 140 160 180 200

Day of year Day of year

Figure 4.5 Effects of irrigation treatments (CS andASNS) and nitrogen fertiliser rates
(FO, F1 and F2) on above ground biomass at variowstages of growth during four rice
growing seasons of 2007/2008, 2008, 2008/2009 abd2

The effects of irrigation treatments and N ferélion leaf area index (LAI)
at various growth stages of rice over four growsggasons are shown in Fig. 4.6.
Nitrogen fertiliser application rates significantlynfluenced LAl in each
phenological stage of plant growth regardless ofation treatments. Mean LAl
ranged from 0.7 to 3.0 for FO, 0.9 to 5.6 for Fd drom 1.3 to 7.0 for F2. The
highest LAl was found at the flowering stage in th2 treatment during the
2007/2008 rice growing season. LAl was higher in @6&n in ASNS treatments
during panicle initiation and flowering stages e tF2 for all rice growing seasons
except for 2007/2008 season, although the diffagnwere statistically not
significant. In most cases, LAI in the CS irrigatiteatment was higher than in the
ASNS irrigation treatments at lower N fertiliserpdipation rates (FO and F1) during
the flowering stage in all rice growing seasonsegtdor FO during 2008/2009

season.
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Figure 4.6 Effects of irrigation treatments (CS andASNS) and nitrogen fertiliser rates
(FO, F1 and F2) on leaf area index at different sges of rice growth in four rice
growing seasons.

4.3.7 Yield and grain quality

Rice yield (expressed at 14% of moisture contemd) 2000 grain weight for
various nitrogen fertiliser and irrigation treatnt®mver four rice growing seasons
are presented in Table 4.5. Large variation inrgsaeld was mainly due to yield
responses to various treatments. Both rice yield 2000 grain weight of rice

significantly increased as N fertiliser applicati@tes increased, but not by irrigation

treatments. Grain yield ranged from 3550 to 4025y, 5042 to 6287 kg hdand

5833 to 7842 kg ha in FO, F1 and F2, respectively regardless of atian

treatments. Grain yield during the wet season vigisel than during the dry season.
There was no interaction effect of irrigation treants and N fertilisation on rice
yield and 1000 gram weight of rice. Rice yield i@ ®as slightly higher than that in
ASNS for about 1 to 5% during the four rice growiegasons although these
differences were not significant. However, total tavainput in ASNS was

significantly lower than in CS in all rice growirsgasons (Table 4.2).
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Table 4.5 Effects of irrigation treatments (1) andnitrogen fertiliser application rates
(F) on grain yield and 1000 grain weight in four rce growing seasons. CS

continuously submerged; ASNS = alternate submergeahd non-submerged0, 1 and 2,
= 0, 70 and 140 kg N h&respectively; *, ** and *** indicate significant at P = 0.05,
0.01 and 0.001, respectively; NS = not significaat P > 0.05.

ili Yield (kg ha'
Irrigation (|) Fertiliser ( g )

(F) 2007/2008 2008 2008/2009 2009
FO 4025.0 3683.3 3875.0 3750.0
CS F1 6266.7 5175.0 6041.7 5000.0
F2 7841.7 6208.3 7541.7 6166.7
FO 3975.0 3550.0 3958.3 3583.3
ASNS F1 6225.0 5041.7 5916.7 4750.0
F2 7741.7 6133.3 7416.7 5833.3
Main plot (1) NS NS NS NS
F-test Subplot (F) ok ok ok il
IxF NS NS NS NS
rigation (1) Eertiliser 1000 grain weight (gram)
(F) 2007/2008 2008 2008/2009 2009
FO 23.1 26.4 27.2 26.7
CS F1 25.0 27.5 28.6 27.5
F2 25.3 28.6 29.1 28.2
FO 22.9 26.7 27.3 26.6
ASNS F1 25.0 27.7 29.1 27.5
F2 25.4 28.4 29.6 28.3
Main plot (1) NS NS NS NS
F-test Subplot (F) o * * *
IxF NS NS NS NS

The effects of irrigation treatments and N feréti@pplication rates on total
grain-N and protein content of rice are presentedTable 4.6. There was a
significant effect of N fertiliser treatments ontabN concentration in grain and
protein content of rice on four growing seasonsicd. Total grain-N and protein
contents increased as N fertiliser application satereased. The interaction of

irrigation treatments with N fertiliser had no gipant effect on either total N
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concentration in grain or protein content of graitithough grain-N and protein
content of grain tended to be higher under CS thatler ASNS irrigation treatments,
the differences were not significant and total mpidi and protein content tended to
higher in the wet season than in the dry season.

Table 4.6 Variation in protein contents and total gain-N of rice as affected by
irrigation treatments (I) and N fertiliser application rates (F) for four rice growing
seasons.CS = continuously submerged; ASNS = alternate subrmged and non-
submerged; FO, F1 and F2, = 0, 70 and 140 kg N haespectively; * ** and ***

indicate significance at P = 0.05, 0.01 and 0.00&spectively; NS = not significant.

. Protein (%)

(F) 2007/2008 2008 2008/2009 2009
FO 5.77 6.32 6.59 6.07
CS F1 6.50 7.42 7.03 7.32
F2 7.16 8.42 7.74 8.91
FO 5.7 5.98 6.43 5.74
ASNS F1 6.17 7.33 7.13 7.20
F2 7.01 8.10 7.65 8.49
Main plot (1) NS NS NS *
F-test Subplot (F) ok ok Frx ok
IXF NS NS NS NS
rigation (1) Eertiliser Total grain-N (%)
(F) 2007/2008 2008 2008/2009 2009
FO 0.97 1.06 1.11 1.02
CS F1 1.09 1.25 1.18 1.23
F2 1.20 1.41 1.30 1.50
FO 0.96 1.01 1.08 0.96
ASNS F1 1.04 1.23 1.20 1.21
F2 1.18 1.36 1.29 1.43
Main plot (1) NS NS NS *
F-test Subplot (F) ok ok o bl
IXF NS NS NS NS
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4.4 Discussion

The study has clearly shown that the use of alteaubmerged and non-
submerged (ASNS) irrigation in coarse soils did redult in unusually dry soil
conditions as compared to the continuously subnge(@&) irrigation system. The
impact of ASNS on yield and yield components wasnimal and did not
significantly differ from the CS treatment. Howeye@verage water saved with
ASNS ranged from 36% to 44% compared with CS.

The differences in yield and yield components wagaificant with various
N application rates without a strong influence oigation treatments. This is
consistent with previous studies of Belder et 2004), Bouman and Tuong (2001)
5and Qi Jing et al. (2007). Although surface pogdoh water in the ASNS varied
considerably from the CS irrigation treatment, flod remained close to saturation
condition as the level of water did not drop 10loatow the soil surface (Figure 4.2)
before the next irrigation was applied. Bouman dnmbng (2001) argued that
drought effects in lowland rice can occur when salker content drops below the
saturation level. Results from this study were fbio be similar to the studies of
Belder et al. (2004) for a soil of high clay contésilty clay) with percolation rates
of 1-4.5 mm per day and a shallow ground wateretabhey reported LAl in ASNS
water regime was lower than that in CS at the pamnstiation and flowering stage
at the N level of 180 kg/ha. This reduction wasutlitt to be due to reduced leaf
expansion as a result of reduced soil water pateinim 0 to -10 kPa. Result of this
experiment also showed LAl under ASNS to be loweantunder CS at panicle
initiation and flowering stages with N suppliedtaé rate of 140 kg Ha but these
were not significantly different. This indicatesatieaf expansion and its effect on
yield may not be as significant as previously tHdugy allowing soil water content
to drop below saturation level during non submecggperiods. This is supported by
studies of Lu et al. (2000) who reported significdacrease in LAl when soil water
potential dropped down to -10 kPa under ASNS itiiga treatment without
significantly affecting dry matter biomass and grgield. Similar results have been
reported for soil of heavier textures, e.g. siltgycloam (Cabangon et al., 2001).
Although the soil at this experimental site wadigiit texture i.e. sandy loam in the

top of 40 cm depth and sandy solil layer below 40dapth, there was a hardpan
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layer within 20-30 cm depth that might have contréal to reducing percolation

rates.

4.5 Concluding remarks

This study indicates that the ASNS treatment carsm® soil could result in a
water saving of 36-44% compared with CS treatmatitout significantly reducing
biomass, yield and components of yield. Mean wpateductivity in the ASNS was
52% higher than that in the CS irrigation treatmé&htccess in the ASNS treatment
in maintaining soil moisture close to saturatiotheut significant interactive effects
with N-treatments, suggest that these results neagonsidered as typical for well-

drained soils with deep ground water tables, iteddowlands in eastern Indonesia.
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CHAPTER V

Nitrogen dynamics in rice-based cropping systems
under irrigation and nitrogen fertiliser management

practices

5.1 Introduction

Nitrogen is one of the most critical nutrient elerselimiting growth in most
rice-growing soils around the world (Smil, 1999nproved understanding of the
availability of N from the native organic N sourcasd the fate of added N fertiliser
should aid in developing innovative N managemeatiixes and an increase in the
efficiency of fertilizer (De Datta, 1995). Nitrogarptake patterns in rice over the
growing season depend on the availability of N freoil and fertiliser sources
(Bufogle et al.,, 1997) and can increase signifigantith fertiliser application
(Guindo et al., 1994) and increasing amount oflfeet N available (Bufogle et al.,
1997).

In most of the tropical rice lowlands including a8 Indonesia, rice is
planted once or twice during early wet to early degsons in continuously flooded
condition. Furthermore, farmers sometimes plantdahce crops each year in the
same field when irrigation water is available (®aas and Pingali, 1995). Optimal
productivity of such an intensive rice productigrstem is dependent on relatively
large inputs of inorganic N-fertiliser as grain Igids closely correlated with N
uptake (Cassman et al., 1993). Despite the impoetaof N-fertiliser with
productivity, the amount of N fertilizer applied bgrmers and the native soil-N
supply are not well matched. This imbalance coutdb to low N fertiliser use-
efficiency in these production systems (Cassmah. £1996; Olk et al., 1999).

Common soil management practices that affect Nimyah these cropping
systems are the incorporation of crop residues uddfgd soil under mostly
anaerobic conditions, repetitive cropping in floddmil with or without an upland
crop rotation, or fallowing soil drying during aeek to three months between rice

crops. Long-term experiments indicate that contirsucropping of irrigated rice may
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cause a decline in soil N supply over time althosgih organic carbon and total soil
nitrogen are conserved or even increased occabiof@hssman et al., 1995;
Dobermann et al., 2000).

Following the harvest of second season of ricefidi@ usually reverts to dry,
aerobic condition after a prolonged period of aohierconditions during the growth
of two rice crops. During the dry season, the Bedde usually planted with legumes
such as soybean, peanut, maize and green beaslasrops. Rotation with some
legume crops in aerated soil conditions togethéhn tiliage are likely to influence C
and N cycling, particularly N availability. Howeyanformation on the magnitude of
these effects for irrigated lowland rice systemaas well documented (Cassman et
al., 1998).

The behaviour of soil nitrogen under wet soil ctiodis of lowland rice is
markedly different from its behaviour under drylsmonditions. Under anaerobic
conditions during flooding, the soil tends to acclete NH-N and instability of
NOs-N, results in less N for organic matter decompasjtless efficient in using
applied N, amoniacal-N fixation by clays and lo$Novia volatilisation, leaching,
seepage and nitrification (De Datta, 1995).

Under flooded conditions, most N is available toerito be taken up is
ammonium form. Under alternate submerged and nbmsetged (ASNS) conditions,
nitrate can be formed during non-submerged periddbbal et al. (1992) showed
that the level of ammonium in the soil was lowerd @hat of nitrate was higher in
ASNS than in flooded rice fields. Upon subsequerinserged conditions, nitrate
could be leached or undergo denitrification logse&ing total N losses to be higher
under ASNS than under conventional flooding. Intcast, Belder et al. (2004)
found N uptake and recoveries were similar undeodéd and ASNS conditions
when the experiment was conducted under the inflieof shallow groundwater
tables that kept the soil relatively wet during fseubmerged periods. However, there
is limited information on nitrogen dynamics whene tisoil is fully or partly
submerged for some time and the soil remains masdiurated during the
nonsubmergence periods in coarse-textured soils avielatively deep groundwater
table. Further research is needed to determindetle of “dryness” in ASNS that
does not reduce N-use efficiency (Tuong et al. 5200

The objective of this study was to evaluate thea§ of irrigation and N

fertiliser management practices on the dynamicsiwbgen (NH-N and NQ-N)

63



Chapter 5

during rice growth over two years as part of tlee4iice-legume crop sequences in
the tropical environment. There is also a needafwre N dynamics in order to test

the ability of the models to incorporate the redgpeocesses.

5.2 Materials and methods

Full details of the materials and methods relatedhts study are given in
Chapter 3. In brief, the field experiment was cartdd on a sandy loam soil at an
irrigated rice field of the Research Station of éssment Institute for Agricultural
Technology NTB Lombok Indonesia. Two irrigation amments (continuously
submerged and alternate submerged and non-subméegedfter referred to as CS
and ASNS, respectively) and three nitrogen feetlisates (0, 70 and 140 kg N*ha
hereafter referred to as FO, F1 and F2 respecjivetye arranged in a randomised
split plot design as main plot and subplot respebti with three replications. The
field experiment was conducted during October 2@9duly 2009 involving two
wet- (October - March) and two dry-seasons (Apriuly). First rice was planted in
wet season (transplanted ord®8ovember 2007 and harvested dh\Barch 2008).

Ponding depth under the CS irrigation treatment alémved to fluctuate
between 0-10 cm throughout the rice growth peribd.the ASNS irrigation
treatment, maximum ponding depth was 5 cm and amfall occurred above that
level during rice growth was drained and remainétiout submergence for around
5-7 days for 4-6 times during the season. During period, water level was
allowed to drop down to 10 cm below the soil sugfhefore re-irrigation took place.
Floodwater of each rice plot was sampled one bedok 10 days after N fertiliser
application. Five sub-samples of floodwater (100eath) were collected from each
plot and mixed to make a single sample. All samplese brought to the laboratory
and immediately analysed for Wl and NQ-N. Soil samples were collected at
four main phenological stages of rice (tilleringgngcle initiation, flowering and
harvesting) from 0-20, 20-40, 40-70 and 70-100 aih depths and analysed for
NH4-N, NOs-N, total-N, and organic carbon (OC). The seconzk rcrop was
transplanted at the end of wet season to dry se@Sohpril - 16™ July 2008). The
crop management and sampling procedures were sitoildghe first rice season.
Similar crop management and sampling procedures aaopted for the second year
of 2008-2009 experiment. Data were analysed usiegs@t software (Version
9.2.0.153, VSN International Ltd, Oxford).
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5.3 Results and discussion

5.3.1 NH4-N dynamics in soil under various irrigation and N fertiliser

treatments

The effects of irrigation and N fertiliser treatntenon the NHBN
concentration in soil during four rice growth saas@2 wet seasons in 2007/2008
and 2008/2009 and 2 dry seasons in 2008 and 2@0&riaus soil layers and rice
phenological stages are presented in Table 5.1.s€hsons chronologically of'1
wet season of 2007 — 2008 2Iry season of 2008,%3wet season of 2008 — 2009
and 4" dry season of 2009 will be referred to as ridé Ijl and IV respectively.

Increased N fertiliser application rates had a ifigant effect on NH-N
concentration in soil mainly in the top 20 cm depthall four rice seasons and its
influence mostly less prominent beyond the first kyer in early stages of rice
growth. Furthermore, significant influences of Mtifeser on NH,-N concentration in
soil were pronounced as development of rice growtbgressed. Irrigation
treatments had a much smaller influence than Nligert treatments on soil N=N
concentration in all rice seasons. In rice Il d¥dirrigation treatment significantly
influenced NH-N concentration in the top of 20 cm of soil mostiythe middle of
growth periods (panicle initiation and floweringagés and harvesting stage in rice
[ll). The interactive effect of irrigation and N rféiser treatments on NHN
concentration in soil was observed on a rare ocoa@nly at flowering in the rice
season lll for 40-70 cm depth).

Figure 5.1 shows the variation of DHN concentration at various soil depths
and rice growth stages as affected by N fertiliseatments during rice | and Il
NH4-N concentration in soil increased as N fertiliapplication rates increased and
accumulated mainly in the first 20 cm soil deptheToncentration of NAHN in soil
was higher at tillering stage (33 days after tréarsjing, DAT) due to the application
of first split of 20 % of total N fertiliser ratet & DAT and decreased at panicle
initiation (53 DAT) although second split of 30% uftal N fertiliser rate was
applied at 34 DAT. At flowering stage (63 DAT), BN concentration in soll
increased again due to the application third sgli50 % of total N fertiliser at 54
DAT and it decreased at harvesting stage. The deeref soil NN concentration
was probably due to uptake by the rice plants (@rap/, section 4.3.4) that
increased as N fertiliser application rates inaedas
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Table 5.1 Summary of analysis of variance (ANOVA)dr the effects of irrigation (I)
and N fertiliser (F) treatments on NH,-N concentration in soil at various soil depths
and growth stages of rice over four seasons. Sigiadince of treatment effects is denoted
as *** for p <0.001; ** as p<0.01; ** for p <0.05 and ‘NS’ for not significant.

Rice wet season (2007-2008)

Soil layer . o . .
(cm) Tillering Panicle initiation Flowering Harvesting
I FIxF | F IXF I FIxF | F IxF
0-20 NS *** NS NS *** NS NS *** NS NS *** NS
20-40 NS NS NS NS ** NS NS *** NS NS * NS
40-70 NS NS NS NS NS NS NS * NS NS * NS

70-100 NS NS NS NS NS NS NS NS NS NS ** NS

Rice dry season (2008)

Soil layer . o . .
(cm) Tillering Panicle initiation Flowering Harvesting
I F O IxF | F IxF | FIxF | F IxF
0-20 NS *** NS NS *** NS NS ** NS NS ** NS
20-40 NS NS NS NS * NS NS *** NS NS *** NS
40-70 NS NS NS NS NS NS NS *** NS NS ** NS

70-100 NS NS NS NS NS NS NS NS NS NS *** NS

Rice wet season (2008-2009)

Soil layer . o . .
(cm) Tillering Panicle initiation Flowering Harvesting
I FIxF | F IXF I FIxF | F IxF
0_20 NS *%k% NS * *%k% NS * *%k% NS * *%k% NS
20-40 NS *** NS NS *** NS NS ** NS NS * NS
40-70 NS * NS NS * NS NS *** * NS ** NS

70-100 NS NS NS NS NS NS NS ** NS NS ** NS

Rice dry season (2009)

Soil layer . o . .
(cm) Tillering Panicle initiation Flowering Harvesting
I FIxF | F IxF I FIxF | F IxF
0-20 NS *** NS * ** NS * % NS NS *** NS
20-40 NS *** NS NS *** NS NS ** NS NS *** NS
40-70 NS NS NS NS * NS NS ** NS NS ** NS

70-100 NS NS NS NS * NS NS ** NS NS ** NS

The increased N-uptake by rice crop with increases fertiliser application
rates has also reported in a number of previoudiesuArth and Frenzel, 2000;
George et al., 1993; Ta and Ohira, 1982) althoudgh-N can be lost via Nk
volatilization and other gaseous form of N via ifitation and denitrification
(Adhya et al., 1996; Smith and DelLaune, 1984). Kesingshe et al. (1985)
reported that application of ammonium fertiliseearly increased exchangeable and

66



Chapter 5

non exchangeable forms of soil lHN field experiments conducted in three sites in
major rice growing areas in the Philippines.

In the current experiment, N fertiliser applicati@es significantly increased
NH4-N concentration in deeper soil layers as rice @ginogrogressed, indicating that
the applied of N fertiliser was transported to lowseil layers. At panicle initiation
stage, NN of soil significantly increased with 0-40 cm Isdepth as N fertiliser
increased but not beyond this zone. Furthermoren sdter flowering, N fertiliser
treatments strongly increased the N¥ concentration throughout 0-70 cm soil
depth. Any increase of NN concentration in soil within 20-70 cm soil deptias
under N fertiliser rate at flowering stage. At hesi; significant increased NHN
concentration at all soil depths occurred undeb&2not for FO and F1.

During rice I, the trend of soil NN concentration was similar to that for
rice I. However, the influence of N fertiliser amaition rates on NN
concentration in soil in rice 1l was greater thanrice |, while the amount of soill
NH4-N concentration in rice Il (dry rice season of 8p@vas lower than in rice |
(rice wet season of 2007/2008). The high conceatraif soil NH,-N during wet
season period could be due to mineralisation dfosganic matter and plant residues
left in the field from previous planting. Similagsults were also found by Phongpan
and Mosier (2003) where NHN accumulated in wet season was higher than in dry
season in Central Plain region of Thailand. Low Biéi,-N concentration during the
dry season in lowland rice cropping systems inRh#@ippines was also recorded by
George et al. (1994) and Tripathi et al. (1997).

The variation of soil NEN concentration at various soil depths and rice
growth stages as affected by N fertiliser treatmeliring rice wet season 2008/2009
(Rice Ill) and dry season 2009 (Rice V) are présénn Fig. 5.2. The trend of soil
NH-N concentration in rice 1l and IV seasons wemadt similar to rice season in
rice | and Il. N fertiliser application rates inesed NH-N concentration in soil in
all rice growth periods in various soil layers. Tinteractive effect of irrigation and
N fertiliser treatments on NN concentration in soil was not significantly @ifént
during rice growth periods in the second year eldfiexperiment. However, NN
concentration in soil was greater in the first yefarice seasons (2007-2008) than in
the second year of rice seasons (2008-2009). In yedrs rice cropping cycles of
2007-2008 and 2008-2009 showed thats;MHconcentration in soil was higher in

the surface soil layer (0-20 cm) and less promimeybond the soil surface layer. A
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similar result was found by Aulakh el at. (2000)endn soil NH-N concentration was
generally greatest in surface layer (0-15) and &ffsct below surface layer on a
sandy loam soil in the Punjab of India. They alsand that rapid distribution of
applied N fertiliser to lower soil depths in irrigal porous soil was evident where the
amount of NH-N differed significantly between 0 N and 120 kghi® fertiliser
treatments.

The influence of irrigation treatments on NN concentration in soil at 0-20
cm soil depth in the second year of the rice sea®008-2009 at various
phenological stages are presented in Fig. 5.3.\HaiN concentration was higher
in CS than in ASNS from panicle initiation to hastiag stages in rice Il and at
panicle initiation and flowering stages in rice IVhis was probably due to the
effects of non-submergence periods in the middlacef growth that caused NHN
in soil to be transformed to NEN via nitrification (Reddy and Patrick, 1986;
Aulakh and Bijay-Singh, 1997).
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Figure 5.1 Influence of N fertiliser (FO = 0 kg N b"); F1 = 70 kg N h& and F2 = 140 kg
N ha') on NH,N concentration in soil in various soil depths atillering (A), panicle
initiation (B), flowering (C) and harvesting (D) stages in rice wet season 2007/2008 (2).
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Figure 5.2 Influence of N fertiliser (FO = 0 kg Nha®); F1 = 70 kg N ha and F2 = 140
kg N ha’) on NH,-N concentration in soil in various soil depths atillering (A), panicle
initiation (B), flowering (C) and harvesting (D) siages in rice wet season 2008/2009 (4).
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| ECS
5 b = ASNS

NHs-N conc. (mg kg™)

Season 2008-2009 Season 2009

Rice phenological stages

Figure 5.3 Influence of irrigation treatment (CS =continuously submerged and ASNS
= alternately submerged and non-submerged) on NN concentration in soil at 0-20
cm soil depth at panicle initiation (PI), flowering (F) and harvesting (H) stages in rice
reasons of 2008/2009 and 2009. For specific NHN concentration in soil, similar

letter(s) within the set of phenological stages (PIF, H, Pl and F) indicate that the

difference between mean values are less than LSDSD values in each phenological
stages were 0.049, 0.046, 0.036, 0.048 and 0.04&gy respectively.

5.3.2 NO3-N dynamics in soil under various irrigation and N fertiliser

treatments

The effects of irrigation and N fertiliser treatnermn NQ-N concentration
in soil during four rice seasons (2 wet season208f7/2008 and 2008/2009 and 2
dry seasons of 2008 and 2009) at various soil dapth phenological stages are
presented in Table 5.2. N@I concentration in soil was highly effected by N
fertiliser application rates in most soil layersaith rice growing seasons. Irrigation
treatment had no effect on N® concentration in soil in rice |, while in ricg 1l
and 1V, irrigation treatment significantly influeed NQ:-N concentration in the top
20 cm soil depth mostly during the middle of grow#riods (panicle initiation and
flowering stages and only at harvesting stage enribe Il for 70-100 cm depth).
The interactive effect of irrigation and N fertdis treatments on NN
concentration in soil was observed on rare occasnly at tillering stage in the rice

Il season of rice for 20-40 cm depth).
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Table 5.2 Summary of analysis of variance (ANOVA)dr the effects of irrigation (I)
and N fertiliser (F) treatments on NO;-N of soil in various soil layers and growth stages
of rice crop in various seasons. Significance ofd@atment effects is denoted as “*** for
p <0.001; ** as p<0.01; * for p <0.05 and ‘NS’ for not significant.

Rice wet season (2007/2008)

Soil layer _ o . :
(cm) Tillering Panicle initiatio  Flowering Harvesting
I FIxF | FIxF | FIxF | F IxF
0-20 NS *** NS NS * NS NS ** NS NS ** NS
20-40 NS NS NS NS * NS NS ** NS NS * NS
40-70 NS NS NS NS * NS NS NS NS NS** NS

70-100 NSNS NS NSNS NS NS * NS NS *™ NS

Rice dry season (2008)

Soil layer . o . :
(cm) Tillering Panicle initiatio  Flowering Harvesting
I F o IxF | F o IxF | F o IxF | F IxF
0-20 NS *** NS * ** NS * ¥** NS NS *** NS
20-40 NS ***  * NS * NS NS * NS NS * NS
40-70 NS NS NS NS *™ NS NS *™ NS NS * NS

70-100 NSNS NS NS *™ NS NS *™ NS * ** NS

Rice wet season (2008/2009)

Soil layer L e : .
(cm) Tillering Panicle initiatio  Flowering Harvesting
I FIxF | FIxF | FIxF | F IxF
0-20 NS *** NS * ** NS * ¥k NS NS *** NS
20-40 NS *** NS NS *** NS * ¥ NS NS *** NS
40-70 NS * NS NS NS NS NS * NS NS* NS

70-100 NS * NS NS *™ NS NS *™ NS NS *™ NS

Rice dry season (2009)

Soil layer _ o . :
(cm) Tillering Panicle initiatio  Flowering Harvesting
I FIxF | FIxF | FIxF | F IxF
0_20 * *k%k NS * *kk NS *%* *kk NS NS *k%k NS
20-40 NS *** NS * ** NS * ¥ NS NS *** NS
40-70 NS *** NS NS * NS NS * NS NS ** NS

70-100 NS * NS NS * NS NS NS NS NS** NS

Figure 5.4 shows the variation of soil B8 concentration at various soil
depths and phenological stages of rice growth festatl by N fertiliser treatments
during rice season of 2007/2008 and 2008 (riced &n NOs-N concentration in
soil significantly increased as N fertiliser incsed at 0-20 cm soil depth in all
phenological stages of all rice seasons althougfalites was lower as rice growth
progressed. Increase in soil M concentration at flowering stage was probably

due to the application of N fertiliser 15 days lveflowering stage.
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Figure 5.4 Influence of N fertiliser (FO = 0 kg N &™%); F1 = 70 kg N h&' and F2 = 140 kg

N ha') on NOs-N concentration in soil in various soil depths atillering (A), panicle
initiation (B), flowering (C) and harvesting (D) stages in rice season 2007/2008 (1) and
2008 (2)
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The trend of soil N@N concentration in 2008/2009 and 2009 seasons (ric
[l and 1V) was similar to rice | and Il (Fig. 5.5However, N@-N concentration in
soil was lower in the second year of experimenD&R009) than that in the first
year of experiment (2007-2008). Regardless of Mli@r and irrigation treatments,
during the early stage of 2007/2008 and 2008/20@@ mgrowths, NG@N
concentration in soil generally increased as sgjthkl increased. This was probably
due to nitrate residues accumulated during dry &b tnansition condition of soill
where the experiment site was planted with peandtsoybean following second
rice during dry season from July — November 200¥s Rlso indicated that NEN
in soil was leached below root zone which cannot thken up by plant.
Accumulation of N@N during dry to wet transition was prone to lossotigh
denitrification and leached below root zone (Geaal., 1993; Buresh et al., 1993;
Ladha et al,. 1996). N losses through denitrifamatiare well documented and
reported (Bacon et al., 1986; George et al., 198de and Becker, 2003).

Variation of NQ-N concentration in soil as affected by irrigatimeatments
in 0-20 cm soil depth inrice Il, Ill and IV seasoat various phenological stages are
presented in Fig. 5.6. Soil NEN concentration was higher in ASNS than that in CS
at panicle initiation and flowering stages in ritelll and IV seasons. At the same
time, soil NH-N concentration was higher in CS than that in ASN&nly in the
middle of rice growth periods in rice Il and IVe@&ion 5.3.1). This may be due to
the effect of drainage condition during nonsubmecgeperiods which surface soil
become aerobic condition.

When surface soil was exposed to aerobic conditidnfication started to
take place which reduced the availability of NN (Reddy and Patrick, 1986;
Aulakh and Bijay-Singh, 1997). A large number dfrifying organisms have been
shown to occur in the surface layers of flood saikhough nitrifying activity in
flooded soils may be substantially lower than iflasded soils (Engler and Patrick,
1974). Furthermore, most of NHN concentration was in surface soil which may
accelerate nitrification. Lower NfN concentration and higher NI concentration
in soil in ASNS than in CS could explain the ocemge of nitrification during

nonsubmergence period in surface soil.
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Figure 5.5 Influence of N fertiliser (FO = 0 kg N &™%); F1 = 70 kg N h&' and F2 = 140 kg

N ha') on NOs;-N concentration in soil in various soil depths atillering (A), panicle
initiation (B), flowering (C) and harvesting (D) siages in rice season 2008/2009 (3) and
2009 (4).
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Figure 5. 6 Influence of irrigation treatment (CS =continuously submerged and ASNS
= alternately submerged and non-submerged) on NEN concentration in soil in
various soil depths at panicle initiation (B) and iowering (C) stages of rice reason 2008
(2), 2008/2009 (3) and 2009 (4).
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Tabbal et al. (1992) showed that the level of amomonin soil was lower,
and that of nitrate was higher, in ASNS than irodled rice fields. Upon subsequent
flooding, nitrate could be leached or undergo d#igiation losses and N losses may
be higher in ASNS than in conventional flooding.Wwéwer, Belder et al. (2004)
found similar N uptake and (fertilizer-N) recoverieinder flooded and ASNS
conditions, in experiments where shallow groundwebles kept the soil relatively
wet during non-submerged periods. There was nafsignt affect of irrigation at
the harvesting stage in all rice seasons, which beague to the fact that all plots
were drained 10 days before harvest which may hleesposed to an aerobic
condition. However, the amounts of M8 concentration in soil at 70-100 cm soil
tended to higher in CS than in ASNS. This indicatet ASNS water regime may

also reduce nitrogen contamination to the grounervat

5.3.3 Total-N dynamics in soil under various irrigation and N fertiliser

treatments

Table 5.3 shows the effects of irrigation and Niliser treatments on total-N
of soil during four rice growth seasons (2 wet seasof 2007/2008 and 2008/2009
and 2 dry seasons of 2008 and 2009) at varioudas@ls and phenological stages.
N fertiliser significantly influenced total-N sods rice growth progressed mostly at
0-40 cm soil depth and this effect was more progednas rice cycling season
progressed. There was no interactive effect ajatron and N fertiliser treatment on
soil total-N during rice growth in all growing seams. Total-N of soil was not
influenced by irrigation treatment in all rice seas in the first year (2007-2008) and
in rice season 2008/2009 of field experiment exe@pharvesting stage. However,
irrigation treatments had significant affect onaté¥l concentration in soil in season
2009 at 0-20 cm soil depth except at tillering stag

Figure 5.7 shows the distribution of soil total-bhtent at various soil depths
and phenological stages of rice growth as affebiedl fertiliser during rice season
of 2007/2008 and 2008. Total-N concentration inl sacreased as N fertiliser
increased during rice growth periods. Total-N corigion in soil was mostly
accumulated in soil surface (0-20 cm depth) andpdphalecreased as soil depth
increased. A similar trend of total-N concentrationsoil was also observed at
2008/2009 and 2009 seasons (Fig. 5.8). Soil total-I"008/2009 rice wet season
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was higher than that in 2007/2008 rice wet seagwobably as results of

mineralisation of soil organic matter or residuasiy legumes planting prior to rice
crop. Soybean and peanut crops were planted atgesting the rice dry season of
2008 and 2009. In addition, rice straw was returaeceach plot as mulch during
soybean and peanut growth periods.

The irrigation treatment had no effect on total-dhcentration in soil during
the first year of field experiment (2007-2008). Ase growth cycles progressed
however, total-N concentration in soil was sigrafdy higher in CS than that in
ASNS (Fig. 5.9). This was probably due to frequeetting and drying cycles in
ASNS treatment that accelerate decomposition o&roogcarbon resulting in N
mineralisation. Drying and rewetting of soils islleown to enhance carbon and
nitrogen mineralisation (van Gestel et al., 1998ikha et al. (2005) reported that
repeated drying and wetting cycles significantlydueed cumulative N
mineralisation compared with constant water cont&éhe reduction in cumulative
mineralized C resulting from drying and wetting qmared with constant water
content treatments increased as the drying andngedteatments were subjected to
additional cycles. According to Franzluebbers et(4094), repeated drying and
wetting cycles could cause a reduction in net Nemdhsation, either because of
chemical reactions during the drying period, whietluce the amount of available N
or reduce the active microbial biomass, or becaokea change in species
composition, in which instance more N could be inetd in the microbial cells.
Accumulation of N in a less-available portion ofademicrobial biomass after each
rewetting event could further reduce net N mineedion (Franzluebbers et al.,
1994). Furthermore, total-N concentration in soicikased as rice growth
progressed. This trend was support the previowdydty Kyaw et al. (2005) in FM
Hommachi, FS Centre, Japan that the inorganic Necds of the soil surface (0-15
cm depth) after harvesting in two years experinvegrte about half of those before

cultivation.
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Table 5.3 Summary of analysis of variance (ANOVA)dr irrigation (1) and N fertiliser
(F) treatments on total-N of soil in various soildyers and growth stages of rice crop at
various seasons. Significance of treatment effedts denoted as *** for p <0.001;**

as p<0.01; ¥ for p £ 0.05 and ‘NS’ for not significant.

Rice wet season (2007/2008)

So(ltl:rls)yer Tillering Panicle initiation Flowering Harvesting
I FIxF | F IXF I FoIxF | F IxF
0-20 NS NS NS NS NS NS NS * NS NS * NS
20-40 NS NS NS NS NS NS NS NS NS NS ** NS
40-70 NS NS NS NS NS NS NS NS NS NS NS NS
70-100 NS NS NS NS NS NS NS NS NS NS NS NS
. Rice dry season (2008)
Soil layer T - , ;
(cm) Tillering Panicle initiation Flowering Harvesting
I FIxF | F IXF I FoIxF | F IxF
0-20 NS *** NS NS * NS NS *** NS NS *** NS
20-40 NS NS NS NS * NS NS *** NS NS *** NS
40-70 NS NS NS NS NS NS NS NS NS NS NS NS
70-100 NS NS NS NS NS NS NS NS NS NS NS NS
. Rice wet season (2008/2009)
Soil layer P— TR : -
(cm) Tillering Panicle initiation Flowering Harvesting
I FIxF | F IXF I FIxF | F IxF
0-20 NS * NS NS ** NS NS ** NS ** ** NS
20-40 NS NS NS NS ** NS NS * NS NS NS NS
40-70 NS NS NS NS NS NS NS NS NS NS NS NS
70-100 NS NS NS NS NS NS NS NS NS NS NS NS
) Rice dry season (2009)
Soil layer P . , -
(cm) Tillering Panicle initiation Flowering Harvesting
I FIxF | F IXF I FIxF | F IxF
0_20 NS *k% NS * *k% NS * *kk NS * *k%k NS
20-40 NS NS NS NS NS NS NS * NS NS * NS
40-70 NS NS NS NS NS NS NS NS NS NS NS NS
70-100 NS NS NS NS NS NS NS NS NS NS NS NS
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Figure 5.7 Influence of N fertiliser (FO = 0 kg N ™%); F1 = 70 kg N h&' and F2 = 140 kg
N ha') on total-N concentration in various soil depths tillering (A), panicle initiation
(B), flowering (C) and harvesting (D) stages in rie season 2007/2008 (1) and 2008 (2).
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Figure 5.8 Influence of N fertiliser (FO = 0 kg N &™%); F1 = 70 kg N h&' and F2 = 140 kg
N ha™) on total-N concentration in various soil depths #tillering (A), panicle initiation
(B), flowering (C) and harvesting (D) stages of rie season 2008/2009 (3) and 2009 (4).
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Figure 5.9 Influence of irrigation treatments (CS =continuously submerged and ASNS
= alternately submerged and non-submerged) on totall concentration in soil at 0-20
cm soil depth at panicle initiation (PI), flowering (F) and harvesting (H)stages during
rice reasons of 2008/2009 and 2009. For specifigabN, similar letter(s) within the set
of four phenological stages (H, PI, F and H) indida that the differences between mean
values are less than LSD. LSD values in each phengical stages were 0.005, 0.031,
0.045, 0.047 g kg, respectively.

5.3.4 Organic carbon dynamics in soil under various irrigation and N fertiliser

treatments

In all seasons, the effect of N fertiliser applicat rates and irrigation
treatments on soil organic carbon was rarely oleskeduring rice growth periods in
2007-2008 and 2008/2009. Significance effect ofgation treatments on OC
concentration was only observed at harvestingemite Il season and at flowering
and harvesting in the rice IV season at the @faQlepth.

Irrigation treatment had no effect on OC concerdrain soil during the first
year of field experiment (2007-2008). However, igrowth cycles progressed,
OC concentration in soil was significantly higher €S than that in ASNS (Fig.
5.10). This was probably due to frequent wettingl alying cycles in ASNS
treatment that accelerate decomposition of orgeanibon as discussed in the section
5.3.3.
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Figure 5.10 Effects of irrigation treatments (CS =continuously submerged and ASNS =
alternately submerged and non-submerged) on organicarbon (OC) concentration in
soil at 0-20 cm soil depth at panicle initiation (B, flowering (F) and harvesting (H)
stages in rice reasons of 2008/2009 and 2009. Faedific total-N, similar letter(s)
within the set of four phenological stages (H, PE and H) indicate that the differences
between mean values are less than LSD. LSD valueseach phenological stages were
0.042, 0.049, 0.045 and 0.047 gkgespectively.

5.3.5 NH4-N and NOs-N in floodwater during rice growth periods

The dynamics of NN and NQ-N in floodwater at various irrigation and N
fertiliser treatments in four rice growth seasahsvét and dry seasons in 2007/2008
and 2008/2009 and in 2008 and 2009 respectively)paesented in Fig. 5.11 and
5.12. Floodwater samples were collected for onelsdgre and for 10 days after N
fertiliser application. NN and NQ-N were not significantly affected by irrigation
treatment, but their concentrations in floodwatecréased soon after N fertiliser
applied, indicating that urea (N fertiliser) wasdhglysed rapidly (Ma et al., 1995)..
NH4-N from hydrolysed urea became readily availableuhout the root zone to
be taken up by plant. Xu et al. (2000) reportedt tN&l,-N concentration in
floodwater increased during the first 6 days afiexa fertiliser was applied. The
results in this experiment have shown that theemses in NN concentration of
floodwater varied depending on the amount and tiofeBl fertiliser application.

Figure 5.11 shows that for F1 treatment the in&easNH,;-N concentration in
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floodwater lasted for 5, 6, 7 days after the firsgcond and third N fertiliser
application, respectively. In F2 treatment, theéase in NN concentration lasted
for 6, 7 and 9 days after the first, second anddtiN fertiliser application
respectively

NOs-N concentration in floodwater increased soon aRtefertiliser was
applied and decreased with time (Fig. 5.12). HoweWH,;-N concentration in
floodwater was higher than N@ concentration during observation. The higher
concentration NgtN than NQ-N was probably due to water flooding condition.
Applied urea may transform to NHN by hydrolysis processes (Chowdary et al.,
2004) and small portion of NFN tends to change to NEN because the
nitrification rate is slow under flooding conditig@ho and Han, 2002). It has been
well understood that nitrification of NFN is slower in anaerobic condition than in
aerobic because microorganisms involved in nitadfn prefer in aerobic to
anaerobic conditions (Choi et al., 2003). Furtheemoretardation of vertical
movement of N due to adsorption of negative charged of soiligiag might also
contribute to the higher concentration of Nkh the floodwater. Yoon et al. (2006)
reported that inorganic N in rice floodwater cotssisf 65% NH-N and 30% NG@N
on silty loam soil (Fluventic Haplaquepts) at Mamgemyun, Chonbuk province of
Korea. In this study, the inorganic N in rice floemter during whole seasons
consisted of 63% NHN and 37% N@N. The proportion of N@N in this study
was higher than reported by Yoon et al. (2006) abbpdue to soil type used in this

study and rice culture managements.
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Figure 5.11 NH,-N dynamics in floodwater during rice growth as infuenced by N
fertiliser and irrigation treatments during four ri ce growth periods in 2007/2008, 2008,
2008/2009 and 2009 seasort=or N fertiliser treatments, significance of treatments is
denoted as “***' for p <0.001; ** for p <0.01 and ** for p < 0.05.
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Figure 5.12 NQ-N dynamics in floodwater during rice growth as infuenced by N
fertiliser and irrigation treatments during four ri ce growth periods in 2007/2008, 2008,
2008/2009 and 2009 seasorisor N fertiliser treatments, significance of treatrents is
denoted as ***' for p <0.001; ** for p <0.01 and ** for p < 0.05.
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5.4 Concluding remarks

The results of two years field study on the effedtsrigation and N fertiliser
treatments on the dynamics of nitrogen in rice-dagepping systems showed that
NH4-N and NQ-N concentration in soil increased as N fertilisg@plication rates
increased during the rice growth periods. Soil;NHconcentration was not affected
by irrigation in early rice season but its effechasvmore pronounced as season
progressed especially during panicle initiation dllogvering. During this period,
NH4-N concentration in soil was higher in CS than i8MS mostly in the 0-20 cm
soil depth whereas NEN concentration in soil was lower. This suggestat t
nitrification occurred during nonsubmergence pesiotiotal-N and organic carbon
of soil was not influenced by irrigation treatmeimtghe first year (2007-2008) of the
experiment but its effects were pronounced in t&sd year (2008-2009) of the
experiment. Total-N and organic carbon of soil \Wwagher in CS than that in ASNS
treatments at 0-20 cm soil depth, indicating tlhagdient drying and rewetting of
soils subsequently enhanced carbon and nitrogeneratisation. NH-N
concentration of floodwater increased soon aftefeMiliser was applied which
suggests that urea (N fertiliser) was hydrolysqudtg and some which may have
transformed to N@N through nitrification, although NHN concentration in

floodwater was higher than the BN® concentration during the observation.
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CHAPTER VI

Growth and yield of legumes and nitrogen dynamics
following rice in tropical lowland rice-based

cropping system

6.1 Introduction

Legumes are important opportunity crops which aneally planted during the
dry season (July to October) after consecutiveosesasf irrigated rice in the tropical
lowland rice-based cropping systems.. Since ricgrasvn in anaerobic conditions
for most part of its growth, aerobic conditions assential to grow legumes in most
tropical lowland rice-rice-legume crop sequenceastern Indonesia.Legume crops
such as soybearG(ycine max(L.) Mer) and peanut (Fachis hypogaed..) are
capable of biological nitrogen fixation (BNF) whickduce the need for N fertiliser.
Although soybean and peanut can derive N througk,BiNmay not fully meet the
N-requirement of legumes throughout the seasonugingd variable results with N
fertiliser application. Many studies have shownimerease in yield and associated
dry matter accumulation as a result of N applicafjdouchton and Rickerl, 1986;
Afza et al., 1987; Wood et al., 1993; Lanier ef 2005), while others have shown
little or no response (Deibert et al., 1979; Schmiital., 2001; Barker and Sawyer,
2005) or even reduced yield and dry matter prodactPeterson and Varvel, 1989).
Other studies have also shown that application &6 Mgumes may reduce nodule
formation (Chen et al., 1992; Starling et al., 1;998imon et al., 1999; Taylor et al.,
2005; Ray et al., 2006; Basu et al., 2008). Reddy.€1981) suggested that variable
response of the legumes to N fertiliser could be thuthe differences in edaphic,
environmental conditions and management decisioadenduring cropping. The
performance of legumes in relation to N dynamicsrduthe dry season in rice-
based cropping systems of eastern Indonesia hagc®wved much attention. As the
rice-rice-legume cropping systems are importamh@ntaining soil-nitrogen balance
which has important implication towards economityionmental and biophysical

sustainability of the system, further researcrsseatial.
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Understanding of N dynamics, especially the dynanoicNG;-N during dry
legume season under rice-rice-legume crop sequsno@portant not only to gain
insight NG-N into potential loss into surface and ground wateut also for
retention of N on land for its productive use. [pland crops fields, native and most
applied forms of N may be readily nitrified so tiND; is the dominant form of N in
the soil mineral fraction (Li et al., 2009). Duriag irrigation or rainfall event, this
form of N may be lost primarily via leaching anddome extent via denitrification
(Ponnamperuma, 1985; Buresh et al.,, 1989; Georgeal.et 1993). Urea or
ammonium-based fertilisers placed on the surfaamafse soils may be more prone
to losses via ammonia volatilisation than in fiegtured soils. Monitoring
concentrations and uptake of N is helpful for tmelerstanding of plant and soil N
status and in devising N-fertilizer strategiesloth individual crops and a cropping
system (Li et al., 2009). Data on N dynamics urldgume crops in dry season of
rice-rice-legume crops sequence are necessaryiceagrowers/farmers to conserve
and effectively use soil N in lowland rice-basedpping systems.

The objectives of this study were: (i) to measunanges in soil N during
legume crops period in the dry season; (ii) to @&t response of legumes after the

second rice crop is harvested in the dry seasbhféstiliser.

6.2 Materials and methods

Full details of materials and methods related ts gtudy are given in
Chapter 3. In brief, peanut and soybean (Indonssii@nal varieties of ‘garuda’ and
‘wilis’, respectively) were immediately planted eftthe dry seasons of rice crop
were harvested over 2 cropping seasons duringtduovember in 2008 and 2009.
The experiment was based on a split-plot desigh m&#anut and soybean as main
plots and three rates of N-fertilisation (refertedas FO, F1 and F2 treatments to
indicate 0, 12 and 24 kg N Harespectively) as subplots within each main piot i
three blocks. Plant samples were collected at tkegegrowth stages at vegetative,
reproductive and harvesting to determine crop bgsnéaf area, total-N of crops
and number and weight of nodules. Soil was samptethe same time as crops
sampling. Collection and measurement procedures siarilar to the soil sampling
for the rice crop. Soybean and peanut were hamedt@hysiological maturity and

expressed at 11% moisture content. A 3 m x 2 mdamdx 2 m area within each plot
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for soybean and peanut respectively was used tplsagrain yield and estimated in
kg ha. In the 2009 legume crops season, additional sampples at 10 day intervals
were collected to estimate biomass and number aghtvof nodules. Data were
analysed for Analysis of variance (ANOVA) using Gt software (Version
9.2.0.153, VSN International Ltd, Oxford) and lesiginificant difference (LSD) was
calculated to explain the difference if one or mweatments had a significant effect

on measured parameters.

6.3 Result and discussion

6.3.1 Dynamics of organic carbon and nitrogen under legums and N fertiliser

treatments

The effects of N fertiliser treatments and the sypelegume crops planted following
the harvesting of the second rice crop on nitroged organic carbon dynamics
during 2008 and 2009 seasons are presented in Tablkhe concentration of
ammonium-N (NH-N) and nitrate-N (N@N) in soil varied during the growth
period of each legume depending on the type of arapN fertiliser treatments. The
concentration of NN and NQ-N also varied with soil depth as a result of these
treatments. The type of legume crops had littlenifigant effects on NEHN and
NOs-N concentrations at various soil depths in botargeThe effects of N fertiliser
treatments were more pronounced than the type goimle with same interaction
between the two factors.

Organic carbon concentration in soil at varioustdemd growth stages were
not significantly affected by types of legume andeNiliser treatments during both
2008 and 2009 cropping seasons. Total-N concemtrati soil was not significantly
affected by irrigation treatment, while tkeatment had only small effect ¢otal-N
in soil within the top 40 cm soil depth at the hesting of legume in 2009. Total-N
and carbon content in soil may take several yearshange \(Vood et al., 1990;
Curtin et al., 200pas it is dependent on various soil, crops anchatic factors.
Studies conducted in eastern Canada have showmitiatincrease in soil organic
carbon may vary within the first 12 years of contins corn production (Liang et al.,
1998). Organic carbon levels on a silt loam croppétth wheat in Saskatchewan,
Canada, were thought to have reached a steadyasi@td 0 years of cropping under
no-tilage management (Curtin et al., 200Bartune at al. (2008) reported that
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nitrogen fertilizer treatments had no significarfeefs on total soil N or soil organic
carbon at any depth at the Kentucky Agriculturap&imental Station in Lexington.
Due to the inconspicuous effect of legume and Mliker treatments on total-N and
organic carbon, these have been omitted from thersary of ANOVA in the Table

6.1

Figure 6.1 illustrates the dynamics of NN concentration at various soil
depths as affected by N fertiliser and legume typatments during 2008 and 2009
season following the harvest of the second ricg.ciidhese types of legume are
preferred by farmers in managing lowland rice-basempping systems for more
than 30 years in the region. As shown in Fig 6.8, concentration varied mostly
due to N fertiliser application rates increase fréthto F2. The concentration of
NH4,-N was generally the highest in the surface sofeda (0-20 cm) and that
declined with depth. Concentration of NN at all soil depths significantly
increased with increase in N fertiliser applicatiates, although these differences
were relative small at below 75 cm depth. Since dpplied N fertiliser rapidly
converts to NN components, high concentration of NN is imparted within the
upper soil layers at least for some periods betaseconverted into N@N. Similar
trends for NH-N concentration in soil have been previously obseéroy Aulakh et
al. (2000) in rice-wheat crop sequence.

Spatial and temporal distribution of M® in soil for 2008 and 2009 seasons
is shown in Fig. 6.2. Concentration of M® in soil varied with N fertiliser
application rates and soil depth. The distributtd™NOs-N also peaked in the top 25
cm soil depth and declined with depth and decreagd#d N fertiliser application
rates on order of FO<F1<F2 except for the vegetaitage in 2008 (Al). The
concentration of N@N in soil was 2-3 times higher than that the comicgion of
NH4-N since NH-N form of nitrogen readily oxidises into NN in aerobic soll

condition (nitrification).
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Table 6.1 Summary of analysis of variance (ANOVA) fothe type of legume crop (L)
and N fertiliser (F) treatments on NH-N and NOs-N at various soil depths and growth
stages of legume crops during the 2008 and 2009 pping seasons. Significance of
treatments is denoted as “*** for p < 0.001; ** as p < 0.01; * for p <0.05 and ‘NS’
for not significant.

Legume season 2008

Soil depths
Parameters (cm) Vegetative Flowering Harvesting

L F LxF L F LxF L F LxF
020 NS ** NS NS * NS NS ** NS
20-40 * ™% = NS * NS NS ** NS

NH;-
40-70 NS ** = NS NS NS NS NS NS
70-100 NS *** = NS NS NS NS ** NS
0-20 NS *** NS NS ** = NS * NS
20-40 * * NS NS *** NS NS *** NS
NON 40-70 NS ** NS NS * NS NS ** NS
70-100 NS *** NS NS *** NS NS *** NS
Soil depths Legume season 2009
Parameters (cm) Vegetative Flowering Harvesting
L F LxF L F LxF L F LxF
0-20 * wx NS NS *** NS NS *** NS
NHa- 20-40 * ¥ NS NS ** NS NS ** NS
40-70 NS *** NS NS NS NS NS NS NS
70-100 NS * NS NS NS NS NS * NS
0-20 NS ** NS NS #** * NS NS NS
20-40 * * NS NS *** NS NS *** NS
NOs-

40-70 * ** NS NS ** NS NS *** NS
70-100 NS ** NS NS * NS NS ** NS
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Figure 6.1 Spatial and temporal variation of NH-N concentration in soil as affected by
N fertiliser application rates at vegetative (A; 31DAS), flowering (B; 45 and 48 DAS
for peanut and soybean respectively) and harvestingtages (C; 98 and 94 DAS for
peanut and soybean, respectively) during 2008 (1ha 2009 (2)seasons.
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Figure 6.2 Spatial and temporal variation of NQ-N concentration in soil as affected by
N fertiliser application rates at vegetative (A; 31DAS), flowering (B; 45 and 48 DAS
for peanut and soybean respectively) and harvestingtages (C; 98 and 94 DAS for
peanut and soybean, respectively) during (1) 2008d (2) 2009 seasons.

During the early growth stage of the legume in s®hasons (Fig. 6.2 A1 and

A2; 31 DAS), the highest concentration of N® was oberved in 70-100 cm soil

layer. The concentration of NON reduced by more than half at flowering stage (B1

and B2) in the same soil layer. Since N® is mobile and easily moved with

percolating water, its concentration can be sinolahigher in the subsoil (> 75 cm
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depth) than in the surface soil (at 25 cm deptipeeislly in the early period of

growth in legumes (see Fig. 6.2 A1 and A2). NDcan be also readily uptaken by
the plant or lost beyond the root zone by leacHiBgresh and De Datta, 1991,
George et al., 1992).

6.3.2 Nodulation

The influence of N fertiliser treatments on nodigiatwas examined during
peanut and soybean growth periods in 2008 and 2@@8ons (Fig. 6.3 and 6.4).
Nodules formation varied for both peanut and sogbgeowth throughout the
growing seasons in both years and due to variofestMser treatments.

During the early growth stage of peanut in 2008, niamber and weight of
nodules were small and not affected significantyyNb fertiliser application rates
(Fig. 6.3). However, as peanut growth entered miyctive growth stage (55 DAS),
nodule number was significantly high (p = 0.032F(no applied N) and decreased
with increased N fertiliser application rates. Nibredess, nodule weight was not
affected by N fertiliser application rates at 55 ®And the peak number and weight
of nodules reached for peanut. This indicatestti@maximum formation of nodules
is reached at this stage. At this time, the reduadt nodule formation in peanut was
12% and 18%, respectively with fertiliser applioatirates of 12 and 24 kg N ha
As the peanut crop approached physiological matutie rate of nodule formation
slightly increased.

A similar trend in nodule formation was reported Bsil et al. (1994). The
rate ofN, fixation in peanut did not decline during the lastages of pod fill under
irrigated and well fertilised conditions (with Nrféiser). Although the number and
weight of nodules without N application (FO) werensistently higher than with
increased N-application (F1 and F2), the differema@e not significant. This is
consistent with the observation of Reddy and Tafb@80) who reported a decrease
with the nodule number and dry weight of noduled @so N-fixation of peanut
inoculated with Rhizobium. Mean number and weightnodules during peanut
growth in 2008 and 2009 seasons was in order oFESF1. In the 2008 season,
mean of nodules number during peanut growth weég 252 and 240 for FO, F1 and
F2, respectively and mean of nodules weight we$8,11.85 and 1.82 for FO, F1 and
F2, respectively. In the 2009 season, mean of egdullmber during peanut growth
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were 323, 302 and 293 for FO, F1 and F2 respeygtmetl mean of nodules weight
were 2.05, 2.01 and 1.96 for FO, F1 and F2, resmdygt
For soybean, the variation of nodules number andjiwevere similar to

peanut during 2008 season. Although nodule numaeed over time, the effect of
N fertiliser rates was not significantly differertxcept at 82 DAS (on 09 October
2008). The highest nodule number for soybean wasrgbd at the pod development
stage (R3 close to 61 DAS) and it reduced as soyb@aroached physiological
maturity. This result supported the observatioZa&pata et al. (1987) that maximum
N fixation for soybean occurs between the R3 and d$&ges of soybean
development. As soybean approached physiologicauntyg the nodule number
declined coinciding with R7 (beginning of pod maiyrgrowth stage. In general,
nodule weight in soybean was similar to peanut.(Big), although the nodule
numbers were much lower. This indicated that soybeadules were much larger
than that of peanut. Unlike peanut, both weight anchber of nodules appeared to
decline in soybean although the reduction in nockgeght per plant appeared to be

due to a reduction in the nodule number.
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Figure 6.3 Mean weight and number of nodule/hill dang soybean and peanut growth
periods in 2008 season as affected by N fertiliset.indicates p<0.05.
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The variation in nodule number and weight over gh@wth period in 2009
was similar to 2008 for both peanut and soybeag. @B and 6.4). However, nodule
formation in 2008 was higher than that in 2009. &bver, the peak time of nodule
formation for both peanut and soybean occurredegart 2009 than in 2008. For
both crops, the highest nodule numbers were obdeatethe beginning of pod
formation (11 September 2008 or 55 DAS for peamat B8 September 2008 or 61
DAS for soybean) that was approximately 13 dayseraftowering in 2008 (30
August 2009 or 42 DAS). This may have been affebtethe concentration of NH
N and NQ-N of soil that was slightly higher in 2008 than 2009 (Fig. 6.5). If
nitrate availability limits plant growth during theegetative stage, root nodulation

may occur earlier during the growth period (Lawd &nmun, 1974; Imsande, 1989).
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Figure 6.4 Mean weight and number of nodules/hill dring soybean and peanut growth
periods in 2009 season as affected by N fertiliser.indicates p<0.05.
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Figure 6.5 Relation between nodule numbers and NJN and NOs-N concentration in
soils at 0-20 cm depth in peanut (solid lines) andoybean (dash lines) at various
phenological stages (maximum vegetativex] flowering (m) and maturity (A)) during
2008 and 2009 seasons.

The relationship between nodule numbers ands;NHand NQ-N
concentration in the soil at 0-20 cm depth at waigrowth stages of peanut and
soybean in 2008 and 2009 season is presented .ir6 BigGenerally, there was an
inverse relation between nodule number and-NFand NQ-N concentration in soll
during the growth period of peanut and soybean. Aumaber of nodules decreased
with increasing in NN and NQ-N concentration in soil, although this trend was
not significant. Less significant effect of MM and NQ-N concentration in soil on
number and weight of nodule could be attributedh® small rates of N fertiliser

applied, although the concentrations of \NN\Dand NH-N in soil were significantly
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increased as N fertiliser rates increased (Fig. &t 6.2). However, their
significance may not affect the formation of noduluring peanut and soybean
growth periods. Some previous researchers indicttatl nodule formation was
inhibited by application of N fertiliser to the gvth media of legumes (Selamat and
Gardner, 1985; Daimon et al., 1999; Taylor et2005; Ray et al., 2006; Basu et al.,
2008). Starling et al. (1998) found that nodule bemand weight were reduced by
application of 50 kg N hHaas starter N during the crop growth period of s@yb
Moreover, Chen et al. (1992) reported that nitrofgetiliser reduced nodule number,
nodule weight and mean nodule size of soybeanrae thites in Quebec, Canada.
Daimon and Yoshioka (2001) reported that inductdiNOs-N to the growth media
inhibited nodulation and nodule development of pgan

6.3.3 Above ground biomass of legumes

The effect of various N fertiliser treatments oe #ibove ground biomass at
various growth stages of legumes in the 2008 af® 2@asons is shown in Fig. 6.6.
During the 2008 legume season, biomass samplesacotieeted 5 times at various
phenological stages of peanut and soybean to iacdng sample at vegetative stage
and four samples at reproductive stage. Duringetltly vegetative stage of peanut in
the 2008 (plant sampled on 20-August), there wasignficant effect of N fertiliser
application rates on the above-ground biomass. Mekyeabove ground biomass
increased significantly at flowering stage (sampled3® September) and pod filling
stage (sampled at $1September) as N fertiliser application rates iaseel. This
could be due to a significant increase in greeri lBamass and leaf area with
increase in N fertiliser rates at flowering (Tabl2). The above-ground biomass of
peanut tended to increase as N fertiliser rateseased. At harvest, only stem
biomass was significantly affected by N fertiliseates. This indicates that N
fertiliser tended to have a positive influence egetative growth and leaf area index
as shown by Selamat and Gardner (1985) for nodglaind non-nodulating
genotypes of peanut.

In soybean crop, above-ground biomass increasglklslialthough there was
no overall significant effect of N-fertiliser rateShis suggests that reduced nodule
formation due to an increase in N fertiliser rafleg). 6.4) did not cause significant
reduction in above-ground biomass development duttie growth period of both

peanut and soybean legumes in rice-based croppstegnss of the study site.
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Figure 6.6 Biomass development during peanut and gbean growth periods as affected
by N fertiliser treatments in 2008 and 2009 seasons

In 2009, the crops were sampled more frequentlyl(atay intervals) to
examine the effects of N fertiliser rates on legarbmmass (Fig. 6.6). These results
showed that biomass of both peanut and soybearaserwith increase in N
fertiliser application rates but do not respondngigantly to N fertiliser rates
throughout the season except on some occasionsatesd. DAS (at 10 September
2009) on peanut crop at flowering stage. This pasitesponse of peanut at that
stage to N fertiliser rates could be due to inazddeaf biomass and leaf area (Table
6.2). These results indicate that applying N fisdil to peanut and soybean crops in
the rice-rice-legume crops sequence at the studynsiy increase biomass slightly

but not at harvest.
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Table 6.2 Summary of variance analysis (ANOVA) ofdgumes (L) and N fertiliser (F)
treatments on green leaf biomass, stem biomass, leaea hill ™, green leaf total-N and
stem total-N at varies growth stages in 2008 and @9 crop seasons. Significance of
treatments is denoted as “*** for p < 0.001; ** as p < 0.01; * for p <0.05 and ‘NS’
for not significant.

Legume crop season 2008

Parameters Vegetative Flowering Harvesting
L F Lx L F LxF L F LxF

Green leaf biomass ** NSNS NS * * N/A NS N/A
Stem biomass * NSNS NS NS NS * * =

Leaf area hilf * * NS NS * NS NA NS NA
Legume crop season 2009
Parameters Vegetative Flowering Harvesting

L F LxF L F LxF L F LxF

Green leaf biomass NS NSNS * *»* NS N/A * N/A
Stem biomass *»* NS NS NS NS NS x* NS NS
Leaf area hilt NS NS NS ¥ xx NS N/A NS N/A

N/A = not applicable for split plot analysis as kalaf of soybean were senescenced
and felt down at harvesting stages

Application of N fertiliser to legumes followindné¢ second rice crops may
also restrict biological N fixation. Soybean is knoto use biological N fixation to
meet its N demand unless there are soll restristaffecting normal nodule activity
(Harper, 1987; Salvagiotti et al., 2008). Any paftthe N that is not met by
biological N-fixation may be derived from inorgani sources in soil from
mineralised organic matter and/or residual N frdme previous crop. Pedersen
(2004) stated that NN in soil is the main N source utilised by legunugsto the
beginning of the pod development (R3). Howevermay not affect maximum
biomass for soybean at the R6 growth stage (fudl fdbng) as found in this study
and others (Schmitt et al., 2001) as evident frammass samples at the R6 growth
stage (9 October 2008 and 10 October 2009; 82-83)DA similar result has also
been found by Barker and Sawyer (2005), that dritenavas not influenced by N
fertiliser at the R6 soybean growth stage.
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6.3.4 Yield and harvest index of legumes

Variations of yield and harvest index of legumesatiscted by N fertiliser
treatments in 2008 and 2009 seasons are presenieable 6.3. Yield of legumes
varied due to N fertiliser application rates inlbgeasons and ranged from 1970 kg
ha'to 2019 kg hd and from 1961 kg hhto 2361 kg ha for peanut and soybean,
respectively. Yield of soybean in both 2008 and®66asons increased at 12 kg N
ha' applied (F1) but it decreased at 24 kg N lagplied (F2) to lower than when
not applied N (FO), although this trend was nongigantly different. In peanut,
grain yield decreased with increased N fertiliggplecation rates, although this was
not significantly different. Yield of soybean waggler in 2008 than that in 2009,
while yield of peanut was similar in both seasoRsis finding was in agreement
with other previous studies (Deibert et al. 1978telPson and Varvel 1989; Schmitt
et al. 2001; Barker and Sawyer 2005). Schmitt e(24101) reported that there was
no significant effect of fertiliser N on soybeanedeyield at 12 sites of field
experiment in St. Paul Minnesota, MN. Furthermd?eterson and Varvel (1989)
found reduced grain and dry matter yield with agadion of N fertilizer. Barker and
Sawyer (2005) conducted a field experiment to deitez the impact of N fertiliser
applied to the soil at the beginning pod growtlgstan soybean yield and grain
quality for two years at five locations in lowa. éjhreported that there was no
significant effect of N fertiliser applied on grayreld, grain protein, oil contents, and
fibre concentrations. Crusciol and Soratto (20@ported that seed yield of peanut
was not influenced by application of 60 kg N*han cover crops prior to peanut
planting. The decrease in yield with increasingls\of fertiliser N rates observed in
this experiment could be attributed to reduced &drom of nodule in peanuts (Figure
6.3 and 6.4). The poorly developed symbiotic systaight fail to meet the N
requirements of the plant as a result of this eafjpition.

Harvest index (HI) for both peanut and soybeanedarn both seasons
ranging from 0.26 to 0.36 and 0.26 to 0.34 for peand soybean respectively. N
fertiliser treatments did not significantly affeébte HI for both peanut and soybean in
both seasons. In addition, HI for both peanut amybsan was higher in the 2009
than that in the 2008 season. In the 2009 seaseam I of peanut in this study was
similar to that reported by Kiniry et al. (2005).

102



Chapter 6

Table 6.3 Effect of N fertiliser on yield (kg h&) and harvest index (HI) of peanut and
soybean crops in 2008 and 2009 seasons. The valuebracket are indicate standard
error (n=3). * indicate significant at p <0.05 and NS = not significant.

Legumes N rates (F) Yield Harvest index (HI)
(L) (kg ha') 2008 2009 2008 2009
0 2110 (28) 2120 (87) 0.29 (0.019.35 (0.03)
Peanut 12 2019 (38) 2109 (12) 0.26 (0.0R2)36 (0.02)
24 2010 (35) 1970 (90) 0.27 (0.02).35 (0.01)
0 2233 (113) 2039 (31) 0.29 (0.040.34 (0.05)
Soybean 12 2361 (15) 2150 (29) 0.27 (0.00)34 (0.04)
24 2211 (125) 1961 (99) 0.26 (0.03).31 (0.05)
Main plot (L) NS NS NS NS
F-test Subplot (F) NS NS NS NS
LxF NS NS NS NS

6.3.5 Various aspects of crop N

The effects of N fertiliser treatments on seed-Nake, nitrogen harvest
index (NHI), total-N in seed and total-N uptakeg gresented in Table 6.4 and 6.5.
Total-N, total-N uptake, seed-N uptake and NHI edrwith type of legume and N
fertiliser treatments. Seed-N uptake, which wasuwated by multiplying dry seed
yield by total-N in seed, ranged from 122 to 157N\épa* and from 81 to 86 kg N
ha' for soybean and peanut respectively. Seed-N ugdt@keoybean in this study
was lower than that reported by Varvel and Pete(4682) who found that seed N
uptake ranged from 150 to 200 kg N'harobably due to a potential genetic effect
of the cultivar used in this study and environmemtnditions of crop to grow
(Reddy et al. 1981). Seed-N uptake and NHI weresigitificantly affected by N
fertiliser treatments, but legume types affecteetlsd uptake and NHI in 2008 and
2009 seasons. Seed-N uptake and NHI in soybearsig@isicantly higher than that
in peanut, indicating greater N removed by soybé##l was 1.26 and 1.46 times
greater than HI for peanut, and 3 and 2 times grdat soybean in 2008 and 2009
seasons respectively. This indicates that N remdéneed grain was higher than the
other parts of crops. Bell et al. (1994) reporthdt tNHI was 1.46 to 1.80 times

greater than HI in various cultivars of peanut.
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Table 6.4 The effect of N fertiliser on seed N upk® and N harvest index (NHI) of
peanut and soybean crops in 2008 and 2009 seasoheTvalues in bracket are indicate
standard error (n=3). * indicate significant at p<0.05 and NS = not significant.

Seed-N uptake

Legumes (L) N( ;;tf]:ilglz) (kg N ha!) N harvest index (NHI)
2008 2009 2008 2009
0 82 (3.5) 85(3.6) 0.38(0.02) 0.55(0.04)
Peanut 12 83 (3.7) 86 (5.5) 0.32(0.02) 0.50(0.01)
24 83 (2.4) 81(7.3) 0.32(0.01) 0.48(0.03)
0 150 (12.9) 124 (1.3) 0.83(0.01) 0.65 (0.02)
Soybean 12 157 (1.6) 133 (0.6) 0.84 (0.01) 0.67 (0.02)
24 151 (9.8) 122 (5.9) 0.83(0.01) 0.65 (0.02)
Main plot (L) * * * *
F-test Subplot (F) NS NS NS NS
LxF NS NS NS NS

Table 6.5 The effect of N fertiliser treatments ortotal-N and total-N uptake of peanut
and soybean crops in 2008 and 2009 seasons. Theueal in bracket are indicate
standard error (n=3). * indicates significant at P<0.05 and NS = not significant.

Legumes (L) N rates_l(F) Total-N Total-N uptake
(kg ha’) 2008 2009 2008 2009
0 2.37 (0.07) 2.50(0.02) 218 (6.5) 216 (3.6)
Peanut 12 2.72 (0.04) 2.63 (0.05p55(9.4) 226 (1.9)
24 2.86 (0.09) 2.68(0.02)263 (10.3) 230(3.2)
0 3.21(0.09) 3.14(0.070180 (13.7) 215 (6.7)
Soybean 12 3.28 (0.05) 3.17(0.03)89 (2.6) 224 (2.1)
24 3.32(0.02) 3.21(0.05182 (10.8) 209 (5.9)
Main plot (L) * * * NS
F-test Subplot (F) * NS * *
LxF NS NS NS NS

Total-N and total-N uptake varied with N fertiliseeatments and legume
types. Total-N and total-N uptake increased as miliger rates increased in both
peanut and soybean crops, except at 2009 seasdatddiN (Table 6.5). Total N
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uptake, which was calculated by multiplying dry roess by total-N, ranged from
180 to 224 kg N ha and from 210 — 263 kg N Hafor soybean and peanut
respectively. Although total-N and N-uptake of patarmnd soybean generally
increased with N fertiliser application, seed-Nakat and NHI was not affected by N

fertiliser.

6.4 Concluding remarks

Nitrogen fertiliser influenced NFHN and NQ-N concentrations in soil during
the growth period of each legume. Legume types agpeto have influence on
NH4-N and NQ-N concentration in soil at the vegetative staggrofvth and there
was no significant influence as growth progresddddule number and weight
decreased as N fertiliser rates increased duriaggtbwth period of legume crops,
although this trend was not significant. Nodulenfation during the vegetative stage
of legume was small but it peaked between floweand pod formation stages. The
rate of nodule formation declined in soybean wahilglightly increased in peanut as
the crops approached physiological maturity. N ilfeer appeared to have a
significant effect on biomass development betwdewdring and pod filling stages
of peanut growth and no significant effect at hatwey stage. In soybean, there was
no significant effect of N fertilisers on biomagy. fertiliser treatment did not
significantly affect the seed yield, harvest indexN harvest index for both peanut
and soybean legumes, although total-N and totalpthke was affected by N
fertiliser treatments. These results reveal thatlyapg N fertiliser to peanut and
soybean crops in the rice-rice-legume crops seguénche study site would not
increase biomass and vyield substantially. The itagibbn of this study is farmers
may consider not applying N fertiliser during peaand soybean season in the
region represented by this study site.
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CHAPTER VIl

Simulation of tropical lowland rice-based cropping

systems at various nitrogen and water managements

7.1 Introduction

Rice is one of the biggest users of the world’'seligyed freshwater resources
because it is mostly grown under flooded or subeergondition (Tuong and
Bouman, 2003; Bouman and Tuong, 2001; Tuong e@D5). However, water is
becoming increasingly scarce raising concerns atfmitsustainability of irrigated
agriculture (Rijsberman, 2006). Many rainfed aragsalready drought-prone under
present climatic conditions and are likely to exgere more intense and more
frequent drought events in the future due to cler@tange (Wassmann et al., 2009).
Increasing water productivity is especially impatthecause many processes in rice
production area are related to water (Bouman, 200@grefore, efforts to reduce
water use are of great significance in the riceedasopping systems.

Lowland rice-based cropping systems are charaeteiy the alternation of
anaerobic and aerobic soil conditions during flabdee crops in the wet season and
non-flooded crops in the dry season (Kundu and &adf99; De Data, 1995; Ladha
et al., 1996; George et al., 1993). These conditgirongly affect microbial C and N
dynamics (Fierer and Schimel, 2002; Gu et al., 2G089 increase inorganic soil
nitrogen during rewetting (Qiu and McComb, 1996;pAh 1998; Lundquist et al.,
1999). Excess mineral N that may not be taken ughbycrop may be lost through
denitrification or leaching (George et al., 1993r&h and De Data, 1991; Reddy et
al., 1989; Qiu and McComb, 1996). These complexcesses need to be better
understood and quantified as a basis for improvésnencrop management in rice-
based farming systems to increase yields and eitrand water use efficiencies
(Jing et al., 2010). Modelling is an important aeflective tool for explicitly
describing the relationships among the component®mplex systems. Modelling
contributes to increased insight into relevant psses and their interactions, and can

be applied to study effects of crop management, &mdexplore possible
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consequences of management modifications (van Ke@l@)1). The challenges for

application of existing models to simulate riceerlegume crop rotation systems are
the regular alternation between anaerobic and aemdnditions and associated

consequences for decomposition of soil organic enattitrogen transformation and

translocation (Probert, 2002).

Cropping system models integrate data managemenkmmowledge of soil,
plant and atmospheric systems to allow simulatibaropping system over a wide
range of environments and management practicesdhagt al., 1996; Pala et al.,
1996; Cavero et al., 1998; Hunt and Boote 1998galand Nortcliff 2000; Mailhol
et al., 2001). This maké&lsem valuable tools for agricultural professioraisund the
world (Bouman et al., 1996; Jones et al., 2003)velment and evaluation of
models require all of the aforementiontgpes of data together with additional data
such as time-seriekmta on crop development, soil moisture, and sdiientsas well
as yield and yield components (Hunt and Boote 1998)r adaptation and
application of state-of-the-art agricultural systemodels for such purposes, they
need to be well-calibrated and thoroughly validated their performance in the
agroclimate of the region of interest.

There have been intensive efforts to study the progluction system resulting
in the development of several rice simulation med#lcMennamy and O'Toole
1983; Godwin and Jones 1991, Horie et al., 1992jahgal et al., 1997; Bouman et
al., 2001). ORYZA2000 is one of the most widely disend intensively tested
simulation models for rice developed at the Inteamal Rice Research Institute
(IRRI, Philippines) in collaboration with Wageningé&niversity (The Netherlands).
The model has capability to simulate crop managémgtions such as irrigation and
nitrogen management (Bouman et al., 2001; Boumah \aan Laar, 2006). ().
However, the ORYZA2000 model is based for rice ciogingle growing season.
The model may not simulate crops sequence undecrapping system, which may
include rice. Furthermore, the model does not &bleimulate the dynamic aspects
of nutrients, especially nitrogen, and soil water the sequences of crops and
fallows within a cropping system. There is an iasiag demand for the model to
simulate rice-based cropping systems, especial®sia. Such the model will allow
investigation of nitrogen dynamics, crop sequenoggrcropping, crop residue

management and soil and water management.
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Cropping systems models such as Agricultural ProdinSystems sIMulator,
APSIM (Keating et al., 2003) describe the dynanatsrop growth, soil water, soil
nutrients, and plant residues as a function of alencropping history and soil/crop
management on a daily time step. Through the loloh crop growth with soil
processes, APSIM is particularly suited for the leaton of likely impacts of
alternative management practices on the soil resoand crop productivity. The
model has been used successfully in the searclstfategies for more efficient
production, improved risk management, crop adaptatnd sustainable production
(Keating et al., 2003). However, APSIM was devetbfr dryland farming systems
rather than lowland paddy farming systems and ootrite simulation in either
dryland, or paddy lowland (Keating et al., 2003ad&y lowland is usually more
complex in terms of nitrogen dynamics becausediuhes nitrogen transformation
and leaching between water-ponded surface layatsoaitdized and reduced soil
layers. Currently the model is lacking the capépito simulate those processes
(Keating et al., 2003; Zhang et,&007).

New systems elements which were required in AP3®hE(ing et al., 2003) to
simulate the complete C and N dynamics in compéming systems involving
rice-rice-legumes crops sequence where anaerobicaarobic systems occur has
been recently developed by Gaydon et al. (2009)s hbw capability of APSIM-
Oryza to simulate crop rotations in rice-based pitog systems has undergone
limited testing and validation to this point undeide variety of field management
and cropping systems. In a previous study, Zharg.g007) tested the APSIM-
Oryza model to simulate nitrogen dynamics of pasloi} by using existing nitrogen
module in the Oryza2000 model, but found that tloeleh was not able to simulate
the nitrogen response using the simple book keeNingodule in APSIM-Oryza.
This was probably due to the complex nitrogen dyinarmcluding transformation
and translocation in reduced layers that occurrdiqularly in paddy soil which
differ from those in dryland soil (Godwin and Singt998). In this situation, the
versatility of the APSIM-Oryza model can be inceshsf it is able to simulate the
processes of nitrogen dynamics in paddy lowland iarable to correctly simulate
the productivity of rice-rice-legume rotation systén lowland Asian countries. The
objectives of this study were:

1. To parameterise and calibrate the APSIM-Oryzalehan lowland rice-based

cropping systems in tropical climate;
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2. To evaluate the performance of the model atowuarinitrogen and water
managements.

3. To improve understanding of water and N dynarmcsontinuously submerged
and alternately submerged and non-submerged ioigawvater management

related to the model.

7.2 Material and methods

7.2.1 Description of field experiment

The details of field experiment for calibrating awdlidating the APSIM-
Oryza model are presented in Chapter 3. Data friosh 2007-2008 and second
2008-2009 years of field experiment were used t@arpaterise and calibrate, and
validate the model respectively. Briefly, the expent was laid out in a randomised
split plot design with water management (continlpusibmerged and alternate
submerged and non-submerged, hereafter referr&$amnd ASNS respectively) as
main plot and fertiliser rates (0, 70 and 140 kgh&') as subplot with three
replications. First rice was planted in wet sea@oansplanted on 3November
2007 and harvested off arch 2008). Plant and soil samples were colleatefdur
main phenological stages of rice (tillering, paaicinitiation, flowering and
harvesting). Soil samples were taken up to 100 epthd fractioned to 4 layers (0-20,
20-40, 40-70 and 70-100 cm) and each layer waysedifor NH-N, NOs-N, total-

N, and organic carbon (OC). Plant samples were mneddor dry biomass and total-
N. At harvesting stage, rice was sampled at 16@onobtain grain yield, converted
to kg grain yield ha and presented at 14% water content. Second rice wa
transplanted at approximately one month after ficg was harvested which was at
the end of wet season to dry season (transplamtdtf April 2008 and harvested on
16" July 2008). The cultivation management and sarggtiocedures were similar
to first rice season. Immediately after the secood crop was harvested, legumes
were sown at the same plot to rice. The experinheleisign was similar to rice with
legume types as the main plot replacing CS and A8BEments with peanut and
soybean respectively and fertiliser rates as stibbégume crops were sown on™9
July 2008 and harvested on™and 24' October 2008 for soybean and peanut
respectively. Legume crops and soil were sampléldraé main phenological stages

(maximum vegetative, flowering and harvesting). lwegs crops were separated to
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green leave, stem, dead leave and pod if any aadured dry biomass and total-N.
Soil samples were treated similar to soil sampktgice season. The cultivation
management and sampling procedures were repeatda isecond year of 2008-
2009 experiment of rice-rice-legume crop sequeAdsitional biomass sampling
for legumes crops were collected every 10 daystisgafrom vegetative stage
onwards. Summary of experimental inputs for the ehadlibration and validation

are presented in the Table 3.2 of Chapter 3.

7.2.2 Model overview and description

APSIM is a dynamic crop growth model that combiregphysical and
management modules within a central engine to sitawdropping systems, rotations,
fallowing, crop and environmental dynamics (McCoetnal. 1996; Keating et al.
2003). APSIM-Oryza allows simulating developmentrick such as transplanting,
crop growth, yield, nitrogen uptake of crop, an@ldewith other important features
of a rice cropping system such as fertilisatiortrogien dynamic of soil, field
management issues and rotation effects on croguesiver a long period.

The key APSIM (version 7.1) modules deployed irs teiudy were Rice
(Oryza satival), Peanut Archis hypogaed.) and SoybeanQlicin max Mer.),
SoilN (soil nitrogen), SoilWat (soil water balanc&§urface Organic Matter and
Pond. These modules were linked via a central engi\PSIM to simulate the rice
based cropping systemBhese modules are briefly described below and logic
commands of rice-rice-legume crops sequence siioalat the general manager of
APSIM are described in Appendix 1.

7.2.2.1 Rice module

The rice module of APSIM, was derived from ORYZARQGce crop growth
model (Bouman et al. 2001), which simulates phegiold development, biomass
accumulation, yield, and nitrogen accumulationgsponse to temperature, radiation,
photoperiod, soil water, and nitrogen supply in alydtime-step (Keating et al.
2003). The details of the rice module are descripeBouman et al. (2001). Briefly,
the model calculates growth and development of ag@ function of daily weather
data, crop characteristics, and management paresnétee total daily rate of GO

assimilation is estimated from the daily incomirsgliation, temperature, and leaf
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area index (LAIl) based on an assumed sinusoidé&mpabf radiation over the day
and exponential light within canopy. The integratiover LAl of the canopy and
over the day gives the daily GQassimilation rate. Maintenance respiration
requirements are subtracted from the gross assiomlaate to obtain net daily
growth. The dry matter produced is partitioned agndime various plant organs
including roots, leaves, stem, and storage orgamni¢®e) as a function of
development stage (DS). The phenological developnséege is tracked as a
function of mean ambient daily temperature and @b@tiod. The rice crop module

has four phenological development stages:

1. Juvenile stage, starting from emergence (DS = O¥ta&nt of photoperiod-
sensitive phase (DS = 0.4),

2. Photoperiod-sensitive stage, starting from DS =t0.ganicle initiation (DS =
0.65),

3. Panicle development stage, starting from DS = @0650% flowering (DS =
1.0), and

4.  Grain-fill stage, starting from DS = 1.0 to physigical maturity (DS = 2.0).

Each of these four stages has variety-specific Idpugent rate constants (DRC).
Differences among varieties in total duration amased primarily by differences in
the duration of the juvenile phase. Sub-optimaltpperiod less than the optimal
photoperiod, results in a longer photoperiod semsipphase. In grain crops,
carbohydrate production during grain-fill can bgh@r or lower than the storage
capacity of grains, which is determined by the namdnd maximum growth rate of
grains. The number of spikelets at flowering is cakldted from biomass
accumulation from panicle initiation up to firsbiering. Spikelet sterility due to
either too-high or too-low temperature is considereeaf area growth includes a
source- and sink-limited phase. In the early stéegd,area grows exponentially as a
function of temperature sum, and relative leaf dlhovate. After LAI is larger than
one, increase in leaf area during the linear plesalculated from increase in leaf
mass and specific leaf area (SLA) that depends®nHbom flowering onwards, leaf
loss rate is accounted for using a DS dependest fate factor and green leaf
biomass. When the rice crop is transplanted, LAd alh biomass values are reset
based on planting density after transplanting isedab plant density in the seedbed.
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Crop growth resumes only after a ‘transplantingckhdias elapsed duration of
which has a linear correspondence with seedlinggagiansplanting. In transplanted
rice, transplanting shock also causes a delay englgical development that
depends on seedling age (Bouman et al., 2001; Boama van Laar, 2006).

7.2.2.2 Peanut and soybean modules

The peanut and soybean crop modules of APSIM sieybhenological
development, biomass accumulation, yield, and g&noaccumulation in response to
temperature, radiation, photoperiod, soil wated aitrogen supply in a daily time-
step. Keating et al. (2003) outlined the crop medwhich provides references for
more detailed crop simulation descriptions. In hragproaches used in modelling
crop processes balance the need for comprehensiserigtion of the observed
variation in crop performance across diverse prbdnenvironments and the need
to avoid large numbers of parameters that arecditftio measure. Crop development
is controlled by temperature (thermal degree days) photoperiod. Thermal time
accumulations were derived using the algorithm dlesd by Jones and Kiniry
(1986)using observed phenology and weather data. Groextbldpment parameters
of peanut and soybean have been described in siéiRoberston et al. (2002).
Potential biomass growth is a function of the ioé@ted radiation and the radiation-
use efficiency. Water-limited growth is a functiaof water supply and the
transpiration efficiency of the crop, which varidaily as a function of vapour
pressure deficit. Actual biomass increase is sitadlfrom either potential or water-
limited growth as modified by temperature and Nesdes. Daily weather data such
as minimum and maximum temperature, radiation, raintfall were collected from

the site of experiment from 1997-2009.

7.2.2.3 SoilN module

The SoilN module simulates the transformations ofr@ N in the soil.
These include soil organic matter decompositionmihobilisation—mineralisation,
nitrification and denitrification. The conceptuabils organic carbon pool that
represented in the module is treated as a threlesystem; HUM, BIOM and FOM
(Probert et al., 1998). HUM is the more stable congmt while BIOM generally

represents the more active and labile soil mictdii@mmass and microbial products.
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FOM is the fresh soil organic matter pool includipignt roots and aboveground
matter incorporated into soil through tillage. Fioletween these pools are regulated
by the C:N ratio of the receiving pool. To allow flower rates of decomposition in
the deeper soil layers, part of the soil organidtenais considered to be non-
susceptible to microbial decomposition over thewgng season (Keating et al.
2003).

Gaydon et al. (2009) has modified the organic matecomposition rate
constant as input parameters to APSIM SoilN modult& two values instead of
one; a value for aerobic conditions and a valueaf@erobic conditions which was
adapted from Jing et al. (2007). Transformatioil©and N under aerobic condition
is different to anaerobic condition. Under anaerobonditions, organic matter
cycling takes place in the absence of oxygen watie & 2-3 times lower than in
aerobic condition (DeBusk and Reddy, 1998; Kirk &,2000; Jing et al., 2007;
Jing et al, 2010). It has assumed that anaerobic soil camditdevelop rapidly after
flooding and there is no lag whilst the micro-origams adapt to the changed
conditions. That is a new APSIM-SoilN code struetenabling seamless switching

between aerobic and anaerobic conditions withirsthle(Gaydon et al., 2009).

7.2.2.4 SoilWat module

Soilwat module simulates soil water dynamics ingb# systems. Soil water
dynamics between soil layers were defined by tiseading water balance method
(Probert et al., 1998, Richie, 1998; Keating et 2003). Its characteristics in the
model are specified by the drained upper limit (DUlower limit of plant
extractable water (LL15) and saturated water cdan(&AT). Soil water content
measurements before rice transplanting definednitial soil water content of the

soil.

7.2.2.5 Pond module

Pond module is a new module in the APSIM model tiet been recently
developed and described in details by Gaydon et2809). In brief, the APSIM-
Pond module simulates key chemical and biologicacgsses occurring within a
ponded layer of surface water. Pond temperaturepdhchre important variables

governing chemical and biological processes. Inpived module, a fully dynamic
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pond temperature and pH balance is maintained aldilated on a two-hourly
timestep basis to capture the rapid reaction rafes. chemical processes in the
ponded and soil layers are modelled by APSIM-PariAPSIM-SoilN respectively.
These two modules communicate with each other oeily basis to transfer
nutrients via a central engine according to stah@@®SIM protocols (Keating et al.
2003). It assumes that N is only available for kethy the rice crop once it is in the
soil layers (i.e. from the SoilN module).

The APSIM-Pond module is a transient module in simulation. It becomes
active whenever the soil water balance module Y%at) determines that water is
ponded on the soil surface. The APSIM-Pond moduly bdandles the chemical
processes while the soil water balance module sit@siithe water balance of pond
and soil alike, as a continuum. When rainfall andafaogation cease, the pond depth
will decrease by infiltration into the soil untihdre is no pond at all. APSIM-Pond
checks with the water balance module on a dailyshiassee whether it should be
‘active’ or not, as well as obtaining information evaporation and current ponded
depth. Effectively, the APSIM-Pond module may beaptualised as a ‘filter’ of
nutrients — not allowing all applied N to reach ttrep, and simulating loss (but
also) gain mechanisms for both C and N. If the pbag ‘drained down’, the
APSIM-Pond module becomes inactive and the nutrfdter’ is removed. When
the pond is hydraulically re-established (as deteeoh by the soil water balance
module), APSIM-Pond becomes active and once agagimb its role filtering N and
potentially producing new C and N in the systenotigh algal growth (if conditions
are appropriate). Chemical processes in pond aceisked in details by Gaydon et al.
(2009) and briefly explained below include urea roygbis, nitrification, ammonia
volatilisation, alga growth and turnover, immokgliion of pond mineral N, and flux

of solutes to/from soil.

A. Urea hydrolysisThe breakdown of applied urea fertiliser to Nk$ described as
a function of pond temperature and a soil-deterchimgdrolysis rate (a function of
organic carbon in top soil layer) or an algal atfivletermined rate, whichever is
greater (Godwin and Singh, 1991).

B. Nitrification. Nitrification of NH;" to NO; is calculated as a function of pond

temperature and pH.
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C. Denitrification. This process is controlled by soil moisture aadox potential
(Steven et al., 1998), temperature and pH (Heir2®96; Ashby et al., 1998).

Denitrification is calculated as function of pomairtperature and pH

D. Ammonia volatilizationPond ammonia (N§J exists in both aqueous and gaseous
forms in equilibrium. The overall pond ammonia cemication is calculated from the
pond ammonium (NE) concentration as a function of pond temperatune @aH.
The partial pressure of ammonia is calculated frome overall ammonia
concentration as a function of pond temperatures phartial pressure of ammonia
provides the potential for ammonia volatilizatiamdaN-loss to the atmosphere. This
loss potential is a function of wind and pond depththe absence of wind data,

evaporation is used as a surrogate (Godwin anchSirgi91).

E. Algae growth and turnoveGodwin and Singt{1991) described the calculation
of an algal activity factor, which influences ut@gdrolysis and floodwater pH. This
factor is used here with additional calculation tbe daily algal growth and

accumulated biomass as follows:
dit_pab = maxrate_pab x algact 7.1

wheredlt_pabis the daily growth of algae (kg h)g maxrate_pahs the maximum
daily growth rate of algae, which is about 20 kg kday* (Roger, 1996), andigact

is the daily algal activity factor (Godwin and Sm@d991). Pond algal biomass
(PAB) is allowed to reach a maximum of 500 kg dmyight ha', with C content of
40% and C:N of approximately 8 (Roger, 1996). AsBP#ccumulates biomass, N
uptake is from mineral N in the floodwater. Wherd&mand outstrips supply, it has
assumed that the shortfall is made up via N fixgtiand algal growth remains
unaffected. A significant new element of APSIM-Pasdthe description of algal
turnover. The natural limitation on algal growthrise canopy closure and algal
deprivation of solar radiation. If the maximum alggaomass of 500 kg hais
reached before full canopy closure, further algadpction is theoretically possible,
and it has assumed that subsequent potential algi&f growth is matched by algal
senescence which is added to the APSIM-SurfaceOM po a daily basis. This
assumption was made to partially address the isntiof CERES-Rice’s inability to
capture long-term trends in soil organic carbon.simulation of long-term rice

experiments at IRRI, CERES-Rice simulated a rundmngoil organic carbon, when
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in fact none was measured. Another key elementdofressing this issue is the
addition of the complete PAB biomass to the surfaoganic matter pool after
draining-down of the rice paddy. There it can depose or be incorporated into the
soil as per standard APSIM residue simulation. houkate situations where live
algae may sit viably on the wet surface of the dgaiting intermittent of drained
period of a rice pond (such as in alternate subateand non-submerged (ASNS)
irrigation practice (Bouman et.a2007) and then spring back to life on re-flooding,
there is no add the PAB to the ASPIM surface orgamtter pool until a period of 5

days with no ponding has passed.

F. Immobilisation of pond mineral.NWhen surface organic matter is decomposed in
traditional dryland APSIM simulations, the APSIM+&aceOM module creates an
immobilisation demand which it attempts to sati$fgm APSIM-SoilN. When
APSIM-Pond is present, this demand is sought frd@8M-Pond mineral N pools.
Similarly, mineral N released in decomposition bees part of the APSIM-Pond
mineral N pools. If a pond is present, the moistiaetor for decomposition of
residues is set to 0.5 to account for slower de@sitipn in water.

G. Flux of solutes to/from soilAPSIM-Pond pools of urea, NH and NQ" are
transferred to the soil on a daily basis via thecpsses of mass flow, diffusion, and
via adsorption in the case of iHion. For NQ-N and urea, which are highly
soluble, concentrations in the pond are comparéd thibse in soil solution. When
the concentrations are different in the two comparits, a “diffusion process” is
invoked to determine the flux. The flux of yHon between pond and soil depend
on the soll cation exchange capacity (CEC) (Godavid Singh 1998). This is a new
APSIM-SoilN input parameter.

7.2.3 Model parameterisation and calibration

7.2.3.1Rice module

Rice variety of ‘cigeulis’ was calibrated using thR72 standard crop
parameters (Bouman et al., 2001) following the pduce described by Bouman and
Van Laar (2006). Data from the 2007/2008 field expent were used to
parameterise the rice module. Phenological devetopmates were calculated using
the recorded dates of emergence, maximum tillenpagicle initiation, flowering,
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and maturity in the field experiment. The specitaf area was computed from
measured green leaf surface area and green leafaigit (see Chapter IlI, section
3.2.7.4). The dry matter partitioning factors wérst estimated from the measured
biomass of leaves, stems, and panicles, and fuiittetuned by model fitting (Table
7.1). Refining the parameter value was done unithukted biomass and
phenological development stages values best agvitesneasured values. All other
crop parameters were parameterised with similarhotst as in ORYZA2000’s
standard crop data file for IR72 (Bouman et alQP0

Flowering stage is an important phenological e¥entrop management and
is strongly affected by the photoperiod and thashart day length during the
photoperiod-sensitive phase accelerates the flogggmmocess and vice versa (¥éh
al. 1997; Yin and Kropff 1998). In the ORYZA2000 mddéhe photoperiod
sensitivity of rice is quantified by a variety spgiecfactor derived from a non-
photoperiod-sensitive variety (IR72). Due to ladkneasurements in this study, the

default values for IR72 were used for APSIM model.

Table 7.1 Calibrated phenological development ratef rice variety of 'Ciugelis’

Acronym Definition of parameters/variables Values Unit
DVRJ Development rate in juvenile phase. 600 °cd’
DVRI Development rate in photoperiod- 570 °Cd™
sensitive phase.

DVRP Development rate in panicle 884 °Cd™
development

DVRR Development rate in reproductive 1580 °Cd™
phase.

MOPP Maximum optimum photoperiod 11.50 h

PPSE Photoperiod sensitivity default T h

7.2.3.2Peanut and soybean modules

Local varieties of ‘garuda and wilis’ for peanutdasoybean respectively were used
in this study and parameterised using standard pasameters of ‘Virginia Bunch
and Davis’ varieties, respectively. Peanut and sagbdata from the 2008 field

experiment were used to parameterise and calilthetecrop components in the
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model. Detailed crop phenology recorded during éxigeriment served to compute
the thermal time durations between crop phases ffermination to maturity. The
method for calibrating peanut and soybean modubes similar to rice module. The
calibrated values of peanut and soybean phenolagitess are presented in Table 7.2.

Table 7.2 Calibrated phenological development rateof peanut variety of
‘Garuda “and soybean variety of ‘Wilis’ for model simulation

Acronym Definition of Values Unit
parameters/variables Peanut Soybean
y_hi_incr Rate of harvest index.  0.0058 0.015 1/day
TT_Emergence units  TT from emergence to 5.0 70.0 °cd*
end of juvenile

X_pp_end_of_juvenile photoperiod 12.17 12.0 h
description
y_tt floral_initiation ~ TT from initiation to 370.0 400 900 °cd*’
units flowering
y_tt_flowering units TT from flowering to  300.0 24 °ca*

start grain fill
y_tt_start_grain_fill Start grain filltoend  800.0 460 460 °Cd*
units grain fill
tt_maturity units TT from maturity to 5.0 5.0 °cd*
harvest ripe

7.2.3.3S0ilN module

Parameters influencing soil fertility are mainlypresented in the APSIM-
SoilN module. Initial state variables (N®I, NH4-N, soil organic carbon, pH and
C:N ratio for soil) were measured for each soiklafrom the experimental site and
used to parameterise APSIM-SoilN module. In the a@dpart of soil organic
matter that is considered to be non-susceptiblaitmobial decomposition over the
growing season is specified as ‘finert’ which tyglg will increase with depth.
‘fbiom’ specifies the initial BIOM pool as a fraon of the non-inert soil organic
matter which more labile soil microbial biomass anidrobial products (Table 7.3).
Fbiom and Finert values were defined by fitting theasured and simulated OC.
SoilN module was calibrated using values ofN\Q NH4-N and soil organic carbon
obtained from field experiment during the rice gtioweriod in wet and dry seasons
of 2007-2008.
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Table 7.3 Soil Bulk density (BD), saturation (sat)lower limit of plant-available water
(LL15), drained upper limit of water (DUL), organic carbon (OC), fraction of active
soil organic material as microbial biomass (FBiom)and fraction of inert organic
matter (Finert) at various soil depths for initiation of the APSIM model.

Depth BD Sat DUL LL15 MWcon KS OC F F

(cm) (g cm?) (mm/mm) (0-1) mm/d (%) biom inert
0-20 119 055 035 0.21 1 20 15 004 04
20-40 123 053 034 0.2 0 104 08 002 0.6
40-70 1.27 051 0.29 0.19 1 100 0.09 0.02 0.8
70-100 135 049 028 0.2 1 100 0.07 0.01 1.0

Fbiom and Finert values are default values fromAR&IM model. Mwcon is
calibrated values of drainage rate of each soéray value of O indicates the layer is
considered more impermeable to cascading flow.K&ilibrated value of saturated
conductivity.

7.2.3.4SoilWat modules

The soilWat module was parameterised using data fre field experiment
includes soil bulk density, saturated water contdrained upper limit water content
at field capacity (DUL) and crop lower limit (Tabfe3), and two parameters, U and
CONA, which determine first and second stage sedperation coefficients. The
later parameters were set at 6 mm and 3 mn'" dagpectively where the values
accepted for tropical conditions such as thoserttesthere. After a rainfall event, a
proportion of water in excess of field capacityttteains within a day was specified
through a coefficient called SWCON, which was véreéeepending on soil texture.
Poorly draining clay soils will characteristicalhave values <0.5 while sandy soils
that have high water conductivity can have valués8> Soil water content
measurements before sowing defined the initial watler content of the soil (Table
7.3). The soil percolation rate was first estimafienin daily observations on field
water depths, and then fine-tuned by model fittiRgfining the parameter value was
done when simulated field-water depths and infilira rate best agreed with

measured field-water depths.

7.2.3.5Pond modules

Pond module was calibrated using the field exparinf@ daily water depth

during the rice growth period in wet and dry seasor2007-2008. The dynamics of
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daily ponding depth was first estimated from daibgservations of field water depths,
and then fine-tuned by model fitting. Model paraengtwere further refined by trial
and error until the simulated daily ponding deptiest agreed with measured
ponding depths (Table 7.3). A similar method waeduer the calibration of NON,

NH4-N, temperature and pH of ponding water.

7.2.4 Model validation

The calibrated APSIM-Oryza model was validated gidield experimental
data from the rice-rice-legume crops sequence i682ZD09. The details of
methodology of the experiment are presented in @na&pand brief description of

methodology is presented in section 7.2.1 in thagpter.

7.2.5 Data analysis

The performance of the APSIM-Oryza model was evelliausing the
absolute root mean square error (RM)S&nd normalised root mean square error
(RMSE,) (Mayer and Butler, 1993; Yang et al., 2000; Bounaad van Laar, 2006;
Zhang et al., 2007). Simulated and measured vabieparameters were also
graphically compared. The student’s t test of messsiming unequal variance p(t)
and linear regression analysis were also usedsesaghe goodness-of-fit between
the measured and simulated results using the Geswtavare (Version 9.2.0.153,
VSN International Ltd, Oxford, 2008). The valuessbbpe ), intercept ), and
determination coefficient (8 of the linear regression between simulated and
measured values were also calculated. If the pé&3 wgreater than 0.05, it was
concluded that no significant differences betweerasnred and simulated values
was existedA model also reproduces experimental data best wherequal to 1f3
is equal to 0, Ris equal to 1 and absolute RMSE similar to SD (Bouman and van
Laar, 2006). Another statistical analysis used \taliate the performance of the
model in this study was efficiency of forecastingF{ which has been used
extensively in this type of study (Loague and Gre#891). The value of EF
represents the overall goodness-of-fit of the dsith negative values indicating
poor performance of the model, and values closeone representing high

performance (Mayer and Butler, 1993).
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RMSE { 1Y (5 M fj (7.2)

o 1% s 7]

RMSE, = - (7.3)
— Z(M|_S| )2 7 4
EF_l—Z(MrV)Z (7.4)

where n is number of observations; &d $ are measured and simulated values,

respectively.M is the mean of all measured vallibs. variable Mitself is a mean
value over the three replicates of the field expents, which has a standard
deviation associated with it. Mostly in model ewlan, any difference between
simulated and measured values is attributed to heyders, whereas the variation in
the measured value is not taken into account (Kagtayand Salam, 2000; Gauch et
al., 2003).

7.3 Results
7.3.1 Model calibration

The APSIM-Oryza model was calibrated using expentaledata of rice-
rice-legume crop sequences in 2007-2008. The pedoce of the model simulating
the soil, crops and pond dynamics are presentebel

7.3.1.1Floodwater dynamics during rice growth period

Simulated and measured daily water depth during growth period in wet-
season of 2007/2008 and dry-season of 2008 foimntanisly submerged (CS) and
alternately submerged and non-submerged (ASNSypatran treatments are
graphically presented in Fig. 7. 1. In both wet adngl seasons for CS treatment, the
dynamics of simulated daily ponded depth closelpp¥eed measured values at most
level of ponded depth, ranging from 0 to 100 mmd&al depth at the beginning of
rice growth was kept at 0-20 mm for 7 days aftansgplanting (DAT). However,
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APSIM-Oryza simulation produced 0 mm during thisripe. Floodwater was
drained 10 days before rice harvested and pondetth deas zero during this period.
APSIM simulation was able to reproduce similar hsswith measured values in this
period. In ASNS irrigation treatment, simulatedued generally followed the pattern
of measured values. However, the performance ofilsiteed daily ponded depth in
the ASNS irrigation treatment was weaker than thahe CS irrigation treatment
compared with measured values in both wet- and skgsons. Nevertheless, when
water depth was below soil surface during nonsuberere periods of rice growth,
the model was unable to simulate the water depthisncase.

Goodness-of-fit parameters for water depth duriatibcation period were
used to statistically define the performance of thedel. Table 7.4 shows the
goodness-of-fit parameters of water depth durircg growth periods for CS and
ASNS irrigation treatments in wet-season of 200@88and dry-season of 2008. For
CS treatment in both wet- and dry-seasons, theegatd student’s t-test were 0.56
and 0.50 in the wet- and dry-seasons, respectivdlig indicates that all simulated
values are not significantly different with measukalues at 95% confidence level.
The values of slopeaf for both 2007/2008 and 2008 seasons (0.81 and, 0.7
respectively) were close to one, although the aefer of linear relation between
measured and simulated valu@$ \Was higher than zero, which indicates the general
overestimation of simulated values. Coefficients dstermination (B are all
significant, although their values were low, inding the scattered of the data as
shown in Fig.7.1. The mean values of simulated pdndepth were close to the
mean values of measured data with the simulategesabeing 5.27 % and 6.84 %
higher in wet-season 2007/2008 and early dry-se@808, respectively. Standard
deviations (SD) of simulated values were similameasured values. This indicates
that the simulated values were in strong agreemvéhtmeasured values (Jones and
Kiniry, 1986). Furthermore, the EF value was 0.6d 8.52 for both wet-season of
2007/2008 and dry-season of 2008 respectivelycatilig good performance of the
model simulation. The RMSE of simulated ponded klepias lower than SD
measured values in both wet- and dry-seasons.

In general, all of these indicators strongly sugigjest the performance of the
model was good for CS irrigation treatment in siatimig the dynamics of ponded

depth during rice growth periods of wet-season@if722008 and dry-season of 2008

122



Chapter 7

for calibration test. However, performance of thedal in wet season of 2007/2008
was better than in dry season of 2008. The valfissudent’s t-testo and R were
higher in wet season of 2007/2008 than in dry seaXi8 whilef3 values were

similar. In addition, absolute RMSE and normal RM&Gkere also higher in wet

season of 2007/2008 than in dry season of 2008.

Table 7.4 Statistical analysis of model simulatioof daily water depth in wet-season of

2007/2008 and dry-season of 2008 of rice at variousrigation treatments for
calibration data sets.

Indicator s ASNS
2007/2008 2008 2007/2008 2008
N 90 90 90 90
Xm (SD) 55.38 (28) 40.78(27) 9.3 (26.9) -4.62
Xs(SD) 58.3 (27.6) 43.57 (26.5) 20.8 (18.4) 15.95
P(t) 0.56* 0.5* 0.01 <0.01
a 0.81 0.74 0.3 0.03
B 13.1 13.5 17.32 16.1
R? 0.66 0.58 0.2 0.05
RMSE, 16.4 17.2 17.8 15.2
RMSE, 28.9 42.3 191.5 63.4
EF 0.61 0.52 0.02 -0.59

N, number of measured/simulated data pairg; Mean of measured values in each season;
Xs, mean of simulated values in each season; (S&)datd deviation of whole population;
P(t), significance of student’s t-test; in a colufAft), * means simulated and measured
values are not significantly different at 95% cdefice leveln, slope of linear correlation
coefficient between measured and simulated vaBiesitercept of linear relation between
measured and simulated values?, Retermination coefficient between measured and
simulated values; RMSEabsolute root mean square error; RMStbrmalised root mean
square error; EF, efficiency of forecasting.

In contrast, goodness-of-fit parameters indicated the performance of the
model to simulate water depth in ASNS irrigatioeatiment was lower than that in
CS irrigation treatment. The student’s t-test valuedicated that simulated and
measured values were significantly different at 9&8nfidence level. Moreover, the
values ofa and R were low although RMSE was lower than SD measugddes.

The simulated ponded depth for ASNS irrigation tireant in rice wet-season of
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2007/2008 was better than simulated values indigeseason of 2008 as indicated
by higher value of Rand positive value of EF. The simulated valuesdrly period

of rice growth were quite good for both wet- angl-deasons of 2007/2008 and 2008
in ASNS irrigation treatment. However, when meadusater depth reached below
soil surface, the simulated values deviated fromasueed values.

Simulated and measured water input during the gioavth period for CS
and ASNS irrigation treatments in 2007/2008 and8266asons are presented in
Table 7.5. Simulated water input varied during gcewth periods in CS and ASNS
irrigation treatments for both seasons. In CS atimn treatment, simulated irrigation
input was close to measured values with the diffegeof 13.1% and 5.8% for
2007/2008 and 2008 seasons respectively. Moreower, difference between
simulated and measured in total water input (itrayetrrainfall) was smaller than in
irrigation input with 6.7% and 5.2% for 2007/20081&2008 seasons respectively. In
ASNS irrigation treatment, the performance of thedel to simulate water input was
similar to CS irrigation treatment. Total water utpwas 3.7% and 14.8% higher in
simulated values than that measured values for /2008 and 2008 seasons
respectively. This indicates that the model gemeralproduced total water input in
similar to measured values, although simulatedydaibter depth was in less

agreement with measured values in the ASNS irogatieatment.
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Figure 7.1 Simulated and measured daily water deptlduring rice growth period for
continuously submerged (CS) and alternately submesgl and non-submerged
irrigation treatments in early wet-season of 2007/208 and dry-season of 2008 for the
calibration data sets. Negative value of water deptindicates presence of water level
below soil surface.
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Table 7.5 Measured and simulated water input duringice growth periods of 2007/2008 and 2008 seasdos calibration data set.

_ Cs ASNS
Seasons Waterinput Measured Simulated Difference Measure&imulated Difference
) M M o) ® s o

Irrigation 1080.3 938.4 142.0 13.1 750 -59.6 -8.6

2007/2008 Rainfall 1046 1046 0.0 0.0 940 0 0 0.
Total water input  2126.3 1984.4 1420 6.7 1690.0 -59.6 -3.7

Irrigation 1820.4 1714 1064 5.8 1300 -197.8 -17.9
2008 Rainfall 233 233 0.0 0.0 233 0 0.0
Total water input  2053.4 1947.0 106.4 5.2 1533.0 -197.8 -14.8
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7.3.1.2pH and temperature of floodwater

Figure 7.2 shows the dynamics of pH and temperatureng rice growth
periods. pH and temperature were measured oneeafagelband for ten days after the
application of N fertiliser. In general, pH incredsslightly to about 8 after the
application of N fertiliser, then reducing to beeme6.5 and 7. The reduction was
more prominent during the 2008/2009 season. Déaoétion of N mostly occur
around pH=7 to 7.5, and almost ceases for pH<4Hx¥10 (Heinen, 2006)The
simulated values were generally close to the medswalues. Temperature of
floodwater was around 26 and it tended to decrease with time. The data of
temperature during 2008-2009 rice growth periodgewrot complete as the
temperature equipment was out of order. In gensralulated values was higher

than the measured values particularly during 20008%eason.
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Figure 7.2 Simulated and measured pH and temperat@r during rice growth periods.
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7.3.1.3Soil organic carbon (OC) dynamics

Figure 7.3 shows the dynamics of soil OC duringpcgoowth periods of
rice-rice-legume crops sequence in 2007-2008. Stheee was no statistically
difference in soil organic carbon between irrigatioeatments (CS and ASNS) and
fertiliser rates during the whole crop sequenc2@ti7/2008, the values of measured
soil OC were pooled together for goodness-of-fitapzeters analysis and compared
with simulated soil OC (see Chapter 5 section @ @hapter 6 section 6.3). In
general, measured values of OC were more scattdrad simulated values,
indicating the dynamics change of organic carbanaigh crop sequence, although
their variation were not significantly different.ddsured OC values decreased with
increased soil depth and simulated OC values fatbthhe trend of measured values.

Table 7.6 shows the goodness-of-fit parameter ofaD@ifferent soil layers
during crop growth periods of rice-rice-legume &opequences in 2007-2008.
Analysis of student’s t-test showed that P(t) valuere larger than 0.05, indicating
that all simulated values are statistically similarmeasured values except soil at
layer 2 which is highly significant. Th@ values were generally close to zero
indicating good agreement between simulated andsuned values except for layer
1. Thea value was small which indicates the general ursfienation of simulated
values and coefficients of determinatiorf)®ere low. Mean and SD of simulated
values were lower than measured values in alllagérs. SD of simulated values
decreased with increase in soil depth and SD vahtidayers 3 and 4 were zero,
meaning that the layers have a single constanevdlhis indicates that no or very
slow decomposition of organic carbon in a deepéiragers in the model, while the
decomposition processes existed in field althougtas slow with measured values
were more dispersed than simulated values as sholig. 7.3. The EF values were
small although these are greater than zero an®MS8E value was lower than SD
measured values in all soil layers. In generalphthese indicators suggest that the
performance of the model was quite good in simadpthe dynamics of soil OC
during crop growth periods of rice-rice-legume &@agequence in 2007-2008 for
calibration test.
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Figure 7.3 Simulated and measured soil organic cadm at different soil layers during
crop growth periods in whole year of rice-rice-legme crops sequence of 2007-2008.
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Table 7.6 Goodness-of-fit parameter of model simuteon of organic carbon (OC) in rice-rice-legume crps sequence of 2007-2008 at different soil
layers for calibration data sets.

Parameters N #K(SD) Xs(SD) P(t) a B R? RMSE, RMSE, EF
Layer1l 48 1.346 (0.14) 1.383(0.009) 0.145* 0.036 1.33 0.38 0.01 0.49 0.005
ocC Layer2 48 0.351 (0.07) 0.397 (0.004) 0.001 0.009 0.39 0.63 0.002 0.62 0.42
Layer3 48 0.239 (0.07) 0.23 (0) 0.46*  -0.0006 0.23 0.08 0005 0.19 0.022
Layer4 48 0.188 (0.6) 0.19 (0) 0.788*-9.00E-15 0.19 0.01 0.00 0.00 0.002

N, number of measured/simulated data pairg; (dean of measured values in each seasgrman of simulated values in each season; (San)datd
deviation of whole population; P(t), significandepaired t-test; in a column P(t), * means simudad&d measured values are no significantly diffea¢n
95% confidence levely, slope of linear correlation coefficient betweeaasured and simulated valu@sjntercept of linear relation between measured
and simulated values;’Rdetermination coefficient between measured amdlsited values; RMSEabsolute root mean square error; RMS®Brmalised
root mean square error; EF, efficiency of forecagti
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7.3.1.4Simulated and measured of ammonium-N concentratiomnn soil

Simulated and measured ammonium-N ¢NNj concentration in soil at
various soil layers and N fertiliser rates in coanbusly submerged (CS) irrigation
treatment during crops growth periods in whole yearrice-rice-peanut crops
sequence of 2007-2008 are presented in Fig. 7.47&mdin general, the trend in
simulated soil NN followed the measured values although the measualues
were higher than that the simulated values. Medshitd;-N values increased with
increased in N fertiliser application rates andrdased with increased in soil depth.
Simulated NH-N concentration in soil also followed this patteriloreover,
simulated values were close to zero at deepedspih during rice and legume crops
growth periods suggesting that the simulated moweroé NH,-N through deeper
soil layers was very slow compared with higher mesas values. Simulated NHN
concentration in soil during aerobic period of thgume crops were also close to
zero compared with higher measured values.

Figures 7.6 and 7.7 show the simulated and meaduirReN concentration
in soil at various soil layers and N fertiliserestin alternately submerged and non-
submerged (ASNS) irrigation treatment during crgpswth periods of rice-rice-
soybean crops sequence of 2007-2008. The perfoamainthe model to simulate
NH4-N dynamics during rice-rice-legume crops growthiqgums in ASNS irrigation
treatment was similar to CS irrigation treatmerite Rbility of the model to simulate
NH,4-N concentration in soil under various irrigatisaatments and N fertiliser rates
was assessed by comparing the simulated valuedhvdtmeasured data (Table 7.7).
In all irrigation and N fertiliser variables, stude&s t-test values were highly
significantly different, EF values were lower thaero, R anda values were low,
indicating that simulated values did not match vatbasured values although SD of
measured values were higher than RMSE [andlues were close to zero. These
results suggests that there was a large discredateseen simulated and measured
NH4-N concentration in soil at various solil layers avdertiliser rates in both CS
and ASNS irrigation treatments and that the peréoroe of the model in this case

was poor.
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Figure 7.4 Simulated and measured NN concentration in soil at various soil layers
(1 = 0-20 cm; 2 = 20-40 cm depth) and N fertiliseates (a = 0 kg ha-1, b = 70 kg N ha-1
and ¢ = 140 kg N h&) in CS irrigation treatment during crop growth periods in whole
year of rice-rice-peanut crops sequence of 2007-200
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Figure 7.5 Simulated and measured NEN concentration in soil at various soil depths
(3 = 40-70 cm; 4 = 70-100 cm depth) and N fertiliseates (a = 0 kg ha', b = 70 kg N ha
Yand ¢ = 140 kg N hd) in CS irrigation treatment during crop growth periods in whole
year of rice-rice-peanut crops sequence of 2007-200
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Figure 7.6 Simulated and measured NIHN concentration in soil at various soil layers
(1 = 0-20 cm; 2 = 20-40 cm depth) and N fertiliseates (a = 0 kg h&, b = 70 kg N h&
and ¢ = 140 kg N ha) in ASNS irrigation treatment during crop growth periods in
whole year of rice-rice-soybean crops sequence @@ -2008.
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Figure 7.7 Simulated and measured NEN concentration in soil at various soil depths
(3 = 40-70 cm; 4 = 70-100 cm depth) and N fertiliseates (a = 0 kg ha', b = 70 kg N ha
Yand ¢ = 140 kg N h#) in ASNS irrigation treatment during crop growth periods in
whole year of rice-rice-soybean crops sequence d@7-2008.
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Table 7.7 Statistical analysis of model simulatioof ammonium-N (NH4,-N) concentration in soil at various irrigation treatments and N fertiliser
rates in rice-rice-legume crops sequence of 2007@8for calibration data sets.

Variable N Xm(SD)  Xs(SD) P(t) a B R° RMSE, RMSE, EF
CS 132 4.92(4.39) 0.55(2.4) <0.001 0.19 -0.37 20.1 2.28 46.36 -0.92
ASNS 132  4.92(4.37) 055(2.42) <0.001 0.2 041 130 227 46.13 -0.92
FO 88  3.17(1.66) 0.08(0.18) <0.001  0.02 0.03 0.020.17 5.5 -3.49
F1 88  4.61(3.21) 0.45(1.43) <0.001 0.15 026 20.1 1.35 29.23 -1.58
F2 88  6.98(6.11) 1.12(3.88) <0.001 0.05 0.19 0.143.69 52.92 -0.94

CS, continuously submerged; ASNS, alternately subeteand non-submerged; FO, 0 kg N:hBE1, 70 kg N h&; F2, 140 kg N h& N, number of
measured/simulated data pairs;, Xnean of measured values in each seasgnn&an of simulated values in each season; (SB)datd deviation of
whole population; P(t), significance of paired $ttein a column P(t), * means simulated and measwuedues are no significantly different at 95%
confidence levelp, slope of linear correlation coefficient betweeaasured and simulated valu@s;intercept of linear relation between measured and
simulated values; Rdetermination coefficient between measured amdilsited values; RMSEabsolute root mean square error; RMStrmalised root

mean square error; EF, efficiency of forecasting.
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7.3.1.5Simulated and measured nitrate-N concentration in ail

Figures 7.8 and 7.9 show simulated and measuraateitl (NQ-N)
concentration in soil at various soil layers andeNiliser rates for CS and Fig 7.10
and 7.11 for ASNS irrigation treatments during argpowth periods in whole year
of rice-rice-legume crops sequence of 2007-2008 Tiodel performance in
simulating NQ-N concentration in soil was similar to M concentration in soil.
The simulated N@N concentration in soil was lower than that of swead values
in all variables of irrigation and N fertiliser &#ments. Measured NN
concentration in soil increased as N fertiliseré@ased and as soil depth increased,
indicating there was N&N leaching occurring through deeper soil layerbe T
model could not simulate this condition where simed values were zero for most
of the time during rice growth periods except adhr periods between rice wet and
dry seasons, and between rice and legume cropsnsed3uring the legume crops
season, simulated NN increased as N fertiliser rates increased becanfs
nitrification during aerobic condition and decrehses soil depth increased in both
CS and ASNS irrigation treatments. However, measwadues were higher than
simulated values. Table 7.8 shows statistical amalgf goodness-of-fit parameters
of simulated N@N concentration in soil under various irrigatioratments and N
fertiliser rates These analyses generally show that the simulateéos-NN
concentration in soil did not match with measuralligs,suggesting that there was a
discrepancy between simulated and measureg-N@t various soil layers and N
fertiliser rates in both CS and ASNS irrigation atreents. Simulated NEN
concentration in soil during legume crops growthqus was higher than during the

rice growth periods although its values were lothan measured values.
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Figure 7.8 Simulated and measured N©N concentration in soil at various soil layers
(1 = 0-20 cm; 2 = 20-40 cm depth) and N fertiliseates (a = 0 kg h&, b = 70 kg N h&

and ¢ = 140 kg N h&) in CS irrigation treatment during crop growth periods in whole
year of rice-rice-peanut crops sequence of 2007-200
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Figure 7.9 Simulated and measured N@N concentration in soil at various soil depths
(3 =40-70 cm; 4 = 70-100 cm) and N fertiliser rage(a = 0 kg h&, b = 70 kg N h&d and
¢ = 140 kg N h&) in CS irrigation treatment during crop growth periods in whole year
of rice-rice-peanut crops sequence of 2007-2008.
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Figure 7.10 Simulated and measured N©ON concentration in soil at various soil layers
(1 =0-20 cm; 2 = 20-40 cm) and N fertiliser rate@ = 0 kg ha', b =70 kg N h&d and ¢ =
140 kg N h&") in ASNS irrigation treatment during crop growth periods in whole year
of rice-rice-soybean crops sequence of 2007-2008.
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Figure 7.11 Simulated and measured N©N concentration in soil at various soil depths
(3 = 40-70 cm; 4 = 70-100 cm depth) and N fertiliseates (a = 0 kg ha', b = 70 kg N ha

'and ¢ = 140 kg N hd) in ASNS irrigation treatment during crop growth periods in

whole year of rice-rice-soybean crops sequence @@ -2008.
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Table 7.8 Statistical analysis of model simulatioof nitrate-N (NO3-N) concentration in soil at various irrigation treatments and N fertiliser rates
in rice-rice-legume crops sequence of 2007- 2008 talibration data sets.

Variable N Xm(SD)  Xs(SD) P(t) a B R° RMSE, RMSE, EF
CS 132  7.88(9.5) 053(1.2) <0.001 0.05 0.14 0.171.06 13.44 -0.52
ASNS 132  7.78(9.0) 0.6(1.2) <0.001 0.06 0.14 0.2 1.08 13.92 -0.54
FO 88  5.44(6.7) 0.48(1.1) <0.001 0.09 -0.01 0.320.88 16.25 -0.4
F1 88  7.79(9.3) 0.56(1.2) <0.001 0.05 0.17 0.16 .071 13.44 -0.55
F2 88  10.09 (10.7) 0.66 (1.3) <0.001  0.05 0.19 014  1.22 12.05 -0.71

CS, continuously submerged; ASNS, alternately sugeteand non-submerged; FO, 0 kg N“h&1, 70 kg N h&; F2, 140 kg N h&; N,
number of measured/simulated data pairg, tidean of measured values in each seasgm&an of simulated values in each season; (SD),
standard deviation of whole population; P(t), digance of paired t-test; in a column P(t), * meamaulated and measured values are no
significantly different at 95% confidence level, slope of linear correlation coefficient betweeaasured and simulated valu@sjntercept

of linear relation between measured and simulatddes; R, determination coefficient between measured amiilsited values; RMSE
absolute root mean square error; RM3tormalised root mean square error; EF, efficiavfdprecasting.
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7.3.1.6Biomass and yield

The dynamincs of the simulated and measured biowaasgsble at various of
N fertiliser rates ranging from 0 to 140 kg*hand irrigation management (CS and
ASNS) in whole year of rice-rice-peanut and ricgefsoybean crops sequences in
2007-2008 are presented in Fig 7.12 and Fig. 7ekpactively. For statistical
analysis, rice yields in all seasons were poolgeéttwer regardless of irrigation and N
fertiliser treatments due to small sample size,leviield of peanut and soybean
were analysed by simply comparing between measamedsimulated values. The
model starts simulating rice growth from emergetzeharvest stage. Simulated
growth development at transplating date was deldi#ggl 7.12 and 7.13) because
growth recovery during transplanting shock whiclises a delay in phenological
development (Bouman et al., 2001).

In the wet-season CS treatment, simulated biomiadé$ferent growth stages
was very close to measured values at all levelBl déértiliser. In the dry-season,
however, simulated biomass was higher than meastakes at all levels of N
fertiliser. The simulated biomass was close to memkvalues during tillering stage
and exceeded measured biomass from panicle ioitiathward at all levels of N
fertiliser, although simulated biomass was closemteasured values at panicle
initiation and flowering stages at 140 kg N“haHowever, these patterns were
slightly different in ASNS irrigation treatment. the wet-season ASNS treatment,
the simulated biomass at all rice growth stagesch@se to measured values, except
at harvesting stage at all levels of N fertiliseniein was below measured values.
Under-simulated values increased as N fertilisereased at harversting stage. In the
dry-season, however, simulated biomass during tbety period of rice was close
to measured biomass at all levels of N fertilisEne APSIM-Oryza was able to
satisfactoraly simulate growth development of leguenops planted following the
rice dry season of the rice-rice-legume crops secgieSimulated biomass of peanut
growth followed measured values closely at all levaf N fertiliserbut soybean
biomass slightly over-estimated at productive stdgeall levels of N fertiliser.

Figure 7.14 shows the comparison between measuactdimulated yield of
rice in the rice-rice-legume crop sequence in 2P0G8. In general, simulated yield

matched the pattern of measured yield with sliglgrgorediction under both F2 and
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F1 treatments and with slight under-prediction unée treatment. Coefficient of
determination (B was 0.70 which indicate the close agreement ketweeasured
and simulated values (Table 7.10).

Measured and simulated yield of peanut and soyhedifferent N fertiliser
rates are presented in Table 7.9. The APSIM-Oryzs watisfactorily able to
simulate yield of legume crops at all N fertilisetes. Simulated peanut yields
matched well with measured values while soybeallyiglightly under-estimated at
all levels of N fertiliser. This indicated bettezrformance of the model in simulating
peanut yield than soybean in this condition. Themeiference between simulated
and measured yields of peanut and soybean regardfebl fertiliser rates were
1.63% and 17.26% respectively. Measured yield t@ridalecrease at the highest N
fertiliser rate in both peanut and soybean cropss pattern was also followed by
the model where simulated yield decreased as Nidertrates increased.

Table 7.10 shows the goodness-of-fit parametebsoohass of rice at various
irrigation managements, peanut and soybean bionamsk rice yield in the wet-
season of 2007/2008 and the dry-season of 2008.sfudent’s t-test values of
biomass and yield for rice in both CS and ASNSyation treatments and legume
crops indicate that all simulated values were nighiicantly different with
measured values at 95% confidence level. The valis®pe @) were close to one
although the intercept of linear relation betweezasured and simulated valu@ (
were higher than zero. Coefficient of determinagi¢®f) is all significant with their
values close to one which indicate the close ageeérbetween measured and
simulated values. The mean values of simulated &$snof rice were higher than
mean of measured values by 18 % and 20 % diffdeenCS and ASNS irrigation
treatments respectively. Standard deviation (SD9imiulated biomass was close to
measured values although their values were higlclwimdicate the scatter of data.
Furthermore, mean and SD of simulated legume onaue very close to measured
values. These indicate that the simulated valuese vie good agreement with
measured values in both CS and ASNS irrigationtrtreats of rice and legume
crops. The EF value for rice biomass in CS and AZIN& legume crop biomass
were close to one except for rice yield, indicatmgh performance of the model
simulation. EF for rice yield was positive but l@wv0.19. The RMSE of simulated

biomass of rice and legume crops and yield of veee lower than SD measured
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values. In general, all of these indicators sugtiegtthe performance of the mode

acceptable in simulating the dynamics of biomass yaeld for rice in the CS an

ASNS irrigation treatments and for legume cropsraes during the growth perio

of the calibration tes
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Figure 7.12 Simulated and measured total biomass of rice in CBrigation treatment

and pearut in whole year of rice-rice-peanut crops sequence at various urea fertilise
rates; (a) is 0 kg hai for both rice and peanut crops; (b) is 70 and 1Rg N ha™ for rice
and peanut crop respectively; (c) is 140 and 24 kil ha™ for rice and peanut

respectively.
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Figure 7.13Simulated and measured total biomass of rice in ASBlirrigation treatment
and soybean in whole year of ric-rice-soybean crops sequence at various N fertilisi
rates; (a) is 0 kg h& for both rice and soybean crops; (b) is 70 and 12gkN he ™ for rice
and soybean crops respectively; (c) is 140 and 24 KN he* for rice and soybear

respectively.
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Figure 7.14 Simulated and measured yield of ricen whole year of ricerice-legume
crops sequence of 20(-2008 calibration data set solidine is 1:1 relationshif.

Table 7.9Measured and simulated yield of peanut and soybeaat various N fertiliser
rates in dry-season of 2008 r calibration data set. Values in brackets indicate

standard deviation, n = 3.

Crops N rat_el: Measured Simulated M-S Difference
(kg he) (M) (S) (%)

0 2077 (25) 2075.9 1.1 0.05
Peanut 12 2019 (38) 2076.4 57.4 -2.84
24 2010 (36) 2050.0 -40 -1.99
0 2233 (113) 1968.8  264. 11.83
Soybean 12 2361 (15) 1862.6  498.. 21.11
24 2211 (125) 17945  416.F 18.84
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Table 7.10 Statistical analysis of model simulationf biomass of rice, peanut and soybean, and riceejd in rice-rice-legume crops sequence of

2007-2008 for calibration data sets.

Variable parameters N w{(SD) Xs(SD) P(t) a B R? RMSE, RMSE, EF
Rice-CS Biomass 24 5202 (44729151 (4058) 0.52* 1.06 590 0.91 1474 26.0 0.84
Rice-ASNS Biomass 24 5119 (4439165 (4936) 0.44* 1.06 754 0.94 1201 21.3 0.87
peanut Biomass 15 4095 (24263748 (2161) 0.68* 0.88 129 0.99 279 7.1 0.95
Soybean Biomass 15 4067 (2132)021 (2243) 0.96* 1.04 -192 0.97 407 10.1 0.96
Rice yield 12 5489 (1491)5913 (2214) 0.59* 1.24 -897 0.70 1276 22.4 0.19

N, number of measured/simulated data pairg; ean of measured values in each seasgman of simulated values in each season; (San)datd
deviation of whole population; P(t), significandepaired t-test; in a column P(t), * means simullea&d measured values are not significantly diffead

95% confidence levely, slope of linear correlation coefficient betweeaasured and simulated valu@sjntercept of linear relation between measured

and simulated values:?Rcoefficient determination between measured amdlsited values; RMSEabsolute root mean square error; RMS3®Brmalised

root mean square error; EF, efficiency of forecagti
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7.3.1.7Leaf area index (LAI) of rice and legume crops

Figures 7.15 and 7.16 show the dynamics of LAlic¢ in the wet and dry
seasons, and legume crops following dry seasoicefat various N fertiliser rates
for CS and ASNS irrigation treatments, respectivéty general, simulated LAl
followed closely the pattern of measured valueghtwet season for both CS and
ASNS irrigation treatments, simulated LAI followexiosely measured values in
early growth and at harvesting stages. Howeverulsited values were higher than
measured values at flowering stage for zero Nlifeti but this trend was reversed
at higher N fertiliser rates. The simulated LAlteats for rice in the dry season were
similar to the wet season. Simulated LAI for peaant soybean followed closely
the pattern of measured values in all N fertilisges. It was not possible to measure
the LAI for soybean at harvesting stage as alldsawere senescenced at harvest
stage.

Table 7.11 shows the goodness-of-fit parametensAdffor rice at various
irrigation treatments and legume crops in rice-teggume crops sequence of 2007-
2008. The t-test values of LAI for rice in both @8d ASNS irrigation treatments
and legume crops indicate that simulated valudsttally was similar to measured
values at 95% confidence level. The valuesiaind R were close to one, which
indicate the close agreement between measurediranthted values and the values
of B were higher than zero. The mean values and SDmflated LAI were similar
to the mean and SD of measured values in both @SA&NS irrigation treatments
and legume crops. These indicate that the simulakdes were in close agreement
with measured values in both CS and ASNS irrigatieatments and legume crops.
Furthermore, the EF value for CS and ASNS and legarops were close to one,
indicating high performance of the model simulatidbhe RMSE of simulated LAl
for rice and legume crops were lower than SD meakugalues. In general, all of
these statistical indicators suggest that the padace of the model is acceptable in
simulating the dynamics of LAI for rice in the CBASNS irrigation treatments

and legume crops.
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Figure 7.15 Simulated and measured leaf area index (LAI) of rie in CS irrigation
treatment and peanut inwhole year of rice-ricepeanut crops sequence in 20-2008 at
various N fertiliser rates; (a) is 0 kg hi* for both rice and peanut crops; (b) is 70 an
12 kg N ha' for rice and peanut crops respectively; (c) is 140 and 24 kg N ™ for rice
and peanut respectively.
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Figure 7.16Simulated and measured leaf area index (LAI) of rie for ASNS irrigation
treatment and soybean in whole year of ric-rice-soybean crops sequence at various
fertiliser rates; (a) is 0 kg h&* for both rice and soybean crops; (b) is 70 and 12 kg
ha™ for rice and soybean crops respectively: (c) is 148nd 24 kg N h¢* for rice and
soybean respectively.
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Table 7. 11 Statistical analysis of model simulatio of leaf area index (LAI) of rice at various irrigation treatments and legume crops
(peanut and soybean) in rice-rice-legume crops seguce of 2007-2008 for calibration data sets.

Crops lrrigation N Xm(SD)  X(SD) P(t) o B R? RMSE, RMSE, EF
treatments

Rice CS 24 2.77(1.94) 2.82(1.93) 0.93* 0.87 0.42 0.74 1 36.7 0.7

Rice  ASNS 24  257(1.82) 3.13(2.08) 0.32* 1.00 0.54 0.78 1 34.9 0.6

Legumes 18  2.42(1.34) 2.34 (1.34) 0.90* 0.97 0.01 0.89 0.4 16.2 0.9

N, number of measured/simulated data pairg; Mdean of measured values in each seasgnmn&an of simulated values in each season; (SD),
standard deviation of whole population; P(t), digance of paired t-test; in a column P(t), * meamsiulated and measured values are not
significantly different at 95% confidence levei; slope of linear correlation coefficient betweerasured and simulated valu@s;intercept of
linear relation between measured and simulatecesalg, coefficient determination between measured amdlsited values; RMSEabsolute root
mean square error; RMgHEormalised root mean square error; EF, efficiesfdprecasting.
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7.3.1.8N-uptake of rice and legume crops

Graphical comparison between simulated and meadunagptake of rice for
the CS and ASNS irrigation treatments and legurop<cat various N fertiliser rates
in rice-rice-legume crops sequence of 2007-2008shmevn in Fig. 7.17 and 7.18
respectively. In the wet season for both CS and 3SMNigation treatments,
simulated N-uptake closely matched with measurdaegaduring growth periods of
rice at zero N fertiliser. However, overestimatioh N-uptake increased as N
fertiliser rates increased and more pronouncechéndry season than in the wet
season for both CS and ASNS irrigation treatmérds.legume crops, simulated N-
uptake matched well with measured values during grewth period in all N
fertiliser rates although measured values werdidhigher than simulated values
in the peanut crop at harvesting stage as N ftiliates increased.

Table 7.12 shows the statistical analysis of medaullation for N-uptake of
rice for various irrigation treatments, peanut aogbean in rice-rice-legume crops
sequence of 2007-2008. Simulated mean and SD valers higher than measured
values except for peanut, which indicated the mbdsl over-predicted N-uptake as
is shown in Fig. 7.17 and 7.18. The student’s t-6é3\N-uptake for rice in both CS
and ASNS irrigation treatments and legume cropscatd that N-uptake was not
significantly different between measured and sitedavalues at 95% confidence
level. The values af and Rfor rice and legumes were close to one, which e
the close agreement between measured and simwktess. In both CS and ASNS
irrigation treatments, the values @f were higher than zero, indicating general
overestimation of simulated values. Furthermore BR value for CS and ASNS and
legume crops were close to one, indicating highfoperance of the model
simulation. The RMSE of simulated LAI for rice alefjume crops were lower than
SD measured values. In general, these statistizdicators suggest that the
performance of the model was acceptable in singdtie dynamics of N-uptake for
rice in CS and ASNS irrigation treatments and legumop in rice-rice-legume crops

sequence in the tropical climate.
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Figure 7.17 Simulated and measured l-uptake of rice in CS irrigation treatment and
peanut in whole year of ricerice-peanut crops sequence in 20-2008 at various N
fertiliser rates; (a) is 0 kg h&* for both rice and peanut crops; (b) is 70 and 12 k&)l ha™
for rice and peanut crops respectively; (c) is 140 and 24 kg N ™ for rice and peanut
respectively.

154



Chapter 7

200 | * M_easured N_-uptake
— Simulated rice
—_ (@ Simulated soybean
= 150 |
=
=
2 100 - Rice wetseason Rice diyseason
=
=3
3
Z 50 -
. e

11107 1112/07 20/1/08 29/2/08 9/4/08 19/5/08 28/6/08 7/8/08 16/9/08 26/10/08

200 A
-~ 1 (b)
& 150 -
> .
2 100
s 1 | @
Z 50 - ~a ‘ *

0 A A N S R— W'r—f?

111007 11/12/07 20M1/08 29/2/08 9/4/08 19/5/08 28/6/08 7/8/08 16/9/08 26/10/08

200
] fc) ; A
= 150 s
£ /% /
2 100 4 | 4
= | |
B I
Z 50 4 /%
0 ) _" - . - ‘P__‘f_’__,-f
11107 114207 201/08 29/2/03 9/4108 19/508 28/6/08 7/3/03 16/9/08 26/10/08

Date

Figure 7.18 Simulated and measured I-uptake of rice in ASNS irrigation treatment
and soybean in whole year of ric-rice-soybean crops sequence at various N fertilisi
rates; (a) is 0 kg h& for both rice and soybean crops; (b) is 70 and 12gkN he™* for rice
and soybeancrops respectively; (c) is 140 and 24 kg N * for rice and soybear
respectively.
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Table 7.12 Statistical analysis of model simulationf N-uptake of rice, peanut and soybean in rice-ce-legume crops sequence of 2007-2008 for
calibration data sets.

Variable N %n(SD)  Xs(SD) P(t) o B R? RMSE, RMSE, EF
Rice-CS 24  56.3(47.3) 77.3(57.6) 0.17* 1.17 11.13 930 15.2 27 0.7
Rice-ASNS 24  56.0 (47.4) 71.9(54.0) 0.29* 1.09 10.2 0.93 14.6 26.1 0.8
Peanut 9 11.3(10.1)  8.7(8.1) 0.60* 0.79 -0.23 098 1.1 10.1 0.9
Soybean 9 9.9 (6.96) 10.6(8.21) 0.85* 1.17 097 308 11 10.8 0.9

N, number of measured/simulated data pairg; (dean of measured values in each seasgrman of simulated values in each season; (San)datd
deviation of whole population; P(t), significandepaired t-test; in a column P(t), * means simulle&@d measured values are not significantly diffeed
95% confidence levely, slope of linear correlation coefficient betweeaasured and simulated valu@sjntercept of linear relation between measured
and simulated values:?Rcoefficient determination between measured amdlsited values; RMSEabsolute root mean square error; RMS3®Brmalised
root mean square error; EF, efficiency of forecagti
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7.3.2 Model validation

The APSIM-Oryza model was validated using field exment data of rice-
rice-legume crops sequence in 2008-2009. The detdilfield experiment are
presented in Chapter 3 and brief description iticed.3 in this chapter.

7.3.2.1Floodwater dynamics during rice growth period

Figure 7.19 shows the dynamics of simulated andsared daily water depth
during rice the growth periods in the CS and ASNigation treatments in the wet-
season of 2008/2009 and dry-season of 2009 fodatédin data sets. Simulated and
measured daily water depth varied during the ricevth periods in both CS and
ASNS irrigation treatments. The dynamics of simedatiaily water depth generally
followed the pattern of measured values duringribe growth period in both wet-
and dry-seasons, although simulated maximum andnmmuim water depth varied
with measured values. However, the performanceR8IM—-Oryza to simulate daily
water depth in CS was better in the calibratiomttheat in the validation processes.

In the ASNS irrigation treatment, the performantehe model to simulate
the dynamics of water depth during rice growth atidation data sets was similar to
calibration data set. The dynamic of daily wateptdebetween simulated and
measured values varied most of the time duringrittee growth period. Maximum
and minimum water depth for simulated values mosdtyiated from measured
values. Moreover, when measured water depth waswbéhte soil surface, the
simulated values did not follow this pattern.

Table 7.13 shows statistical analysis of the perforce APSIM-Oryza in
simulating daily water depth during rice growth ipds in the wet-season of
2008/2009 and dry-season of 2009. In the CS iiagareatment for both wet and
dry seasons, student’s t-test values were notfgigntly different at 95% confidence
level and SD of measured values were higher tharSRMvhich indicate the
performance of the model was acceptable. HoweWer,values of slopeaj and
coefficient of determinations @R of linear regression between simulated and
measured values were low and RMSiad (3) were high. Moreover, the value of EF
was negative in both wet- and dry-seasons. Theopednce of the model in the

ASNS irrigation treatment to simulate water depthirtg rice growth was lower than
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that in the CS irrigation treatment. These indicaguggest that the performance of
the model was poor in simulating the dynamics dfydaater depth during rice
growth periods in wet-/ and dry seasons of 200852a0d 2009 respectively for
validation data sets.

When percolation rates of the soil in the secogdrighardpan soil layer) were
reset at 17.1 mm ddyfor wet and dry seasons respectively for the Giaition
treatment, performance of the model matched quék (¥ig. 7.20). The simulated
values generally followed the measured values. staestical analyses of goodness-
of-fit parameters also indicated that simulated arehsured values were matched
quite good (Table 7.14). In this case, the perforreaof the model for validation
data sets was similar to calibration data setss Tidicates that the disturbance of
subsoil hardpan may affect the performance of tbdehto simulate the dynamics
of daily ponded water depth during rice growth.

Simulated and measured water input during rice grgweriod in the CS and
ASNS irrigation treatments in 2007/2008 and 20G&eas for validation data sets is
presented in Table 7.15. Simulated water inputegawith irrigation treatments and
seasons during rice growth period ranging from 1812210 mm in 2008/2009
season and from 1492 to 2190 mm in 2009 seasonpédifiermance of the model to
reproduce irrigation input was close to measurddegin both wet- and dry-seasons
for CS and ASNS irrigation treatments. In the C&gation treatment, simulated
total irrigation input was close to measured valwéhk 0.5 % and 3.6 % difference
to measured values in 2008/2009 and 2009 seasspecterely. The performance of
the model to reproduce total irrigation input in WS irrigation treatment was
similar to the CS irrigation treatment. Simulatedht irrigation input in the ASNS
irrigation treatment was 0.7% and 6.2% differerceneasured values in 2008/2009
and 2009 seasons respectively. Moreover, the pedioce of the model to simulated
total irrigation input in both the CS and ASNS gation treatments was greater in
2008/2009 season than that in 2009 season. Thisated that the simulated total
irrigation input was in agreement with measuredug@sa) although simulated daily

water depth was in less agreement with measuregsal
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Figure 7.19 Simulated and measured daily depth dung rice growth periods at 10.4
mm day” infiltration rate for continuously submerged (CS)and alternately submerged
and non-submerged (ASNS) irrigation treatments in wt- 2008/2009 and dry-season
2009 for the validation data sets. Negative valud avater depth indicates presence of
water level below soil surface.
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Figure 7.20 Simulated and measured daily water deptduring rice growth period
when percolation rates reset to 17.1 mm dayin continuously submerged (CS)
irrigation treatment in wet-season of 2008/2009 andiry-season of 2009 for the
validation data sets.
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Table 7.13 Statistical analysis of model simulatiorior daily water depth at CS and
ASNS irrigation treatments in wet- and dry-seasonsof 2008/2009 and 2009 for

validation data sets at percolation rate of 10.4 mrd™.

Indicators S ASNS
2008/2009 2009 2008/2009 2009
N 90 90 90 90
Xm(SD)  50.18 (27.6)  42.76 (27.33) 10.28 (24.1) 12BY)
Xs(SD) 56.15 (27.1)  43.80 (24.74) 18.35(16.8) 13BY)
P(t) 0.08* 0.22* 0.01 0.01
a 0.2 0.2 0.28 0.1
b 48.6 40 15.46 15.9
R® 0.04 0.04 0.16 0.1
RMSE, 27.1 24.4 15.4 15.1
RMSE, 54 57.2 50.29 82.7
EF -0.69 -0.49 -0.04 -0.16

N, number of measured/simulated data pairs, idean of measured values;, Xnean of
simulated values; (SD), standard deviation of whpmpulation; P(t), significance of paired
t-test; in a column P(t), * means simulated and susad values are not significantly
different at 95% confidence levely, slope of linear correlation coefficient between
measured and simulated valugs; intercept of linear relation between measured and
simulated values; R determination coefficient between measured antllsiied values;
RMSE,, absolute root mean square error; RMStbrmalised root mean square error; EF,
efficiency of forecasting.

161



Chapter 7

Table 7.14 Statistical analysis of model simulatiorfor daily water depth at CS
irrigation treatment when percolation rates was rest to 17.1 mm d" for wet-season of
2008/2009 and dry-season of 2009 for validation datets.

Rice seasons

Indicators
2008/2009 2009

N 90 90
Xm (SD) 50.18 (27.6) 42.76 (27.33)
Xs(SD) 50.42 (28.1) 40.93 (30.74)

P(t) 0.94 0.69

a 0.88 0.69

b 6.49 11.5

R 0.74 0.37
RMSE, 14.3 24.5
RMSE, 28.5 57.2

EF 0.72 0.11

N, number of measured/simulated data pairg; Mean of measured valuesg X
mean of simulated values; (SD), standard deviabbrwhole population; P(t),
significance of paired t-test; in a column P(t)feans simulated and measured
values are not significantly different at 95% cdefice level;a, slope of linear
correlation coefficient between measured and sitedlaalues, intercept of linear
relation between measured and simulated valués;dBtermination coefficient
between measured and simulated values; RM8&l&Solute root mean square error;
RMSE,, normalised root mean square error; EF, efficievfdprecasting.
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Table 7.15 Measured and simulated irrigation inputduring rice growth periods in 2008/2009 and 2009 asons for validation data set.

o Cs ASNS
Seasons rigation input Measure8imulated Difference MeasuredSimulated Difference
) I W (VR SO S (V) B SN (VRS W)
Irrigation 1234.0 1245.3 -11.3 -0.9 689 700 -106  -1.5
2008/2009 Rainfall 964.7 964.7 0.0 0.0 849 849 0.0 0.0
Total irrigation input 2198.7 2210.0 -11.3 -0.5 1538.0 1548.6 -106 -0.7
Irrigation 1864 1781 82.7 4.4 1198 1100 98.2 8.2
2009 Rainfall 409 409 0.0 0.0 392 392 0.0 0.0
Total irrigation input 2272.4 2189.8 82.7 3.6 1590.5 1492.3 98.2 6.2
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7.3.2.20rganic carbon dynamics of soil

Table 7.16 shows the goodness-of-fit parameter©Gf at different soil
layers during crop growth periods of rice-rice-legucrops sequence in 2008-2009.
The performance of the model in simulating the ayiea of soil OC at various soll
depths during crop growth periods were similar e talibration data set3he
measured values of OC was more scattered than atmdulalues as indicated by
lower R values, indicating dynamics change organic caribothe field although
measured OC values decreased as soil depth indremsd simulated values
followed the trend. The student’s t-test valueseagreater than 0.05 in layer 2 and 4,
indicating that the simulated values are not gtesidy different with measured
values, while t-test values fir layer 1 and 3 wei@.05. Except for layer 1, each soil
layer has a single simulated value of OC as shoywB8MD = 0 which indicated the
resistance of OC to decomposition in the model. @hvalues were small in all soil
layers, which indicated the general underestimatifosimulated values although the
B values were close to zerdloreover, the correlations between observed and
simulated values were weak in all soil layers akcated by very low coefficient of
determinations (B. The EF values in soil layers 2 and 4 were posiilkkough it
was small while in layers 1 and 3 were negativas Bhggests that the performance
of the model in simulating the dynamics of soil @Qing crop growth periods of

rice-rice-legume crops sequence in 2007-2008 wasipall soil layers.
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Table 7.16 Statistical analysis of model simulatiofor organic carbon (OC) in rice-rice-legume cropssequence of 2008-2009 at various soil layers
for validation data sets.

parameters N Xm(SD) Xs(SD) P() a B R? RMSE, RMSE, EF
Layer 1 48 1.3(0.13) 1.38 (0.09) 0.02 0.04 1.33 380. 0.007 0.4 -0.25
Layer 2 48 0.21 (0.08) 0.38 (0.0) 0.39* 0.05 0.39 .040 0.002 0.55 0.027
Layer 3 48 0.21 (0.03) 0.23 (0.0) 0.05 0.004 0.23 .060 0.005 0.22 -0.028
Layer 4 48 0.18 (0.05) 0.19 (0.0) 0.1* 0.006 0.19 .080 0.003 0.17 0.09

N, number of measured/simulated data pairg; Mean of measured values;, ¥iean of simulated values; (SD), standard deviatfowhole population;
P(t), significance of unpaired t-test; in a columf), * means simulated and measured values arsiguwificantly different at 95% confidence leval,
slope of linear correlation coefficient between swad and simulated valug;intercept of linear relation between measured samdilated values; R
determination coefficient between measured and latenh values; RMSE absolute root mean square error; RMS®Brmalised root mean square error;
EF, efficiency of forecasting.
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7.3.2.3Nitrate-N and ammonium-N dynamics of soil

The performance of the model in simulating nitibte{NOs-N) and
ammonium-N (NH-N) dynamics in soil during rice and legume cropsvwgh
periods at various irrigation and N fertiliser treants for validation data sets are
presented in Table 7.17. In general, the performafi¢che model in simulating NO
N and NH-N dynamics in soil was similar to the calibratidata sets. The model
was generally poor in simulating the dynamics ofsNDand NH-N concentrations
in soil during the rice and legume crops growthqus. The values of t-test for NO
N and NH-N in both irrigation and N fertiliser treatmentem@ highly significant.
Furthermore, EF values in all treatments were megand R values were low.
These indicators suggest that the model had disnogpto simulate the dynamics of

NO3-N and NH-N concentration in soil in rice-rice-legume craptation.

7.3.2.4Biomass, yield and leaf area index of rice and legoe crops

Table 7.18 shows goodness-of-fit parameters ofrtbéel to simulate biomass,
yield and leaf area index of rice and legume ciliopgce-rice-legume crop rotation
in 2008-2009 for validation data set. In CS and ASNigation treatments for rice
biomass, P(t) values (0.79 and 0.81 for CS and A&pectively) indicated that
simulated was not significantly different from mesesd biomass. Furthermore, the
values ofa, R and EF were close to one and RM$Blues were lower than SD of
measured values, althoughvalues in CS (-160 kg Hxand ASNS (235 kg Ha
treatments were negative and positive respectivetlicating underestimation and
overestimation of simulated values respectivelye Performance of the model to
simulate rice biomass in validation was similac#tibration. These goodness-of-fit
parameters suggest that the model adequately neprddsimilar biomass to
measured values in both calibration and validatiata sets. Similar to rice biomass,
the model also reproduced peanut and soybean bsoqueie good with p(t) values
did not significantly different between simulateddameasured legume biomass.
However, t-test value for soybean was higher inbcation than in validation
processes, which indicated better performanceeofrtbdel in calibration data sets.
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Table 7.17 Statistical analysis of model simulatiofor nitrate-N and ammonium-N concentration in soil at various irrigation treatments and N
fertiliser rates in rice-rice-legume crops sequencef 2008-2009 for validation data sets.

Variable Treatment N Xm (SD) Xs(SD) P(t) a R? RMSE, RMSE, EF

CS 132 4.21(4.39) 1.35(2.4) <0.001 0.83 -2.14 604 3.2 75.9 -0.48

ASNS 132 4.06 (4.37) 0.71(2.42) <0.001 0.46 -1.17 0.43 1.8 44.4 -0.58

NHz-N FO 88 257 (1.66) 0.19(0.18) <0.001 0.005 0.004 180. 0.23 8.88 -3.73
F1 88 3.86 (3.21) 0.74(1.43) <0.001 0.47 -0.06 90.2 1.78 46.2 -1.45

F2 88 598 (6.11) 2.17(3.88) <0.001 0.77 -2.45 404 4.16 69.6 -0.47

CSs 132 5.32(4.8) 0.35(0.9) <0.001 0.07 -0.02 0.14 0.85 15.89 -0.96

ASNS 132 540(4.8) 0.82(1.3) <0.001 0.16 -0.002 3 0 112 20.76 -0.69

NOs-N FO 88 3.69(3.3) 0.43(0.7) <0.001 0.09 0.1 0.19 620. 16.88 -0.86
F1 88 5.32(4.6) 0.50(0.9) <0.001 0.09 0.04 0.22 .770 14.38 -0.99

F2 88 7.07 (5.7) 0.82(1.7) <0.001 0.13 -0.12 0.21 15 21.26 -1.04

N, number of measured/simulated data pairg; (dean of measured values in each seasgrm&an of simulated values in each season; (San)datd
deviation of whole population; P(t), significandepaired t-test; in a column P(t), * means simulle&@d measured values are not significantly diffeed
95% confidence levely, slope of linear correlation coefficient betweeaasured and simulated valu@sjntercept of linear relation between measured
and simulated values>Rietermination coefficient between measured amdlsited values; RMSEabsolute root mean square error; RMS®Brmalised

root mean square error; EF, efficiency of forecagti
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Table 7.18 Statistical analysis of model simulatiofor biomass, yield and leaf area index (LAI) at vaous irrigation treatments of rice-rice-legume
crops sequence in 2008-2009 for validation data set

Parameter Variable N Xm (SD) Xs(SD) P(t) a B R? RMSE, RMSE, EF

Rice-CS Biomass 24 5251 (4084926 (4208) 0.79* 0.97 -160 0.86 1534 19.2 0.86
Rice-ASNS Biomass 24 5100 (3973394 (4363) 0.81* 1.01 235 0.85 1736 34.0 0.81
peanut Biomass 24 3988 (26438940 (42341) 0.84* 0.86 407 0.95 548 13.7 0.93
Soybean Biomass 24 3133 (2193p71 (2464) 0.26* 1.14 410 0.94 612 19.6 0.74
Rice yield 12 5101 (1337)5122 (1674) 0.97* 1.18  -917 0.90 570 11 0.80
Rice-CS LAI 24 2.62 (1.80) 2.82(1.64) 0.69* 0.74 .8® 0.66 1 37.2 0.60
Rice-ASNS LAI 24 2.47 (1.68) 3.36(1.89) 0.10* 0.94 1.04 0.69 1.1 43.3 0.30
legume LAI 18 2.23(1.07) 2.69(1.1) 0.44* 0.63 8.2 0.93 0.5 20.2 0.70

N, number of measured/simulated data pairg; ean of measured values in each seasgman of simulated values in each season; (San)datd
deviation of whole population; P(t), significandepaired t-test; in a column P(t), * means simullea®&d measured values are not significantly diffead
95% confidence levely, slope of linear correlation coefficient betweeaasured and simulated valu@sjntercept of linear relation between measured
and simulated values;’Rdetermination coefficient between measured amdlsited values; RMSEabsolute root mean square error; RMS®Brmalised
root mean square error; EF, efficiency of forecagti
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The performance of the model to simulate rice yields also similar to
biomass. The values of p(t), R” and EF were close to one and RMSE value was
lower than SD measured values. The simulated riglels/were about 897 kg ha
and 917 kg héa lower than measured yields in calibration anddatlon processes,
respectively. For peanut and soybean, the simulgields were a close fit with
measured values (Table 7.19). In peanut, simulayeglds were slightly
underestimated by 2.78% at zero N fertiliser ascatdd by a positive value of the
difference between measured and simulated valuesvetr, overestimation of
simulated values increased as N fertiliser rateseased (as indicated by a negative
values of the different between measured and siedil@alues) although these
increases were small with less than 10%. In soyh@model overestimated yield
in all N fertiliser rates ranging from 23% to 29%.

The model simulated leaf area index (LAI) of riceldegume crops quite well
in the validation data sets. The values of p(tjdatkd that measured values was not
significantly different with simulated LAI for bothice and legume crops. Moreover,
the values of a Rand EF were high and RMSE values were lower tHam8asured
values. However, the performances of the modehendalibration data sets were
better than in the validation data sets, as inditat the values of p(t), RZ and EF

being higher in the calibration than in the validat

7.3.2.5N-uptake of rice and legume crops

Table 7.20 shows goodness-of-fit parameters of tdkeat various irrigation
treatments of rice and legume crops in the ricedl@gume crop sequence in the
2008-2009 for validation data sets. Simulated Nakiptof rice and legume crops
matched well with measured values. The values wdestt’s t-test indicated the
simulated N-uptake of rice and legume crops werttesmgnificantly different with
measured values. Furthermore, the values,d®* and EF were close to one and
RMSE values were lower than SD measured values p&hfermance of the model
to simulate N-uptake in the validation was simitar the calibration data sets,
although p(t) values for rice at ASNS treatment wrasller in the validation data set.
All goodness-of-fit parameters of N-uptake indicateclose agreement between

simulated and measured values.
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Table 7.19 Measured and simulated yield of peanutnal soybean at various N fertiliser
rates in dry-season of 2009 for validation. The vaks in bracket indicate standard

deviation (n = 3).

Crops N rat(is Measured Simulated M-S Difference
(Kg ha") (M) (S) (%)

0 2120 (225) 2062 59 2.78

Peanut 12 2109 (181) 2132 -23 -1.07
24 1969 (286) 2145 -175 -8.90

0 2039 (54) 1520 519 25.46
Soybean 12 2150 (50) 1519 631 29.35
24 1961 (171) 1507 454 23.14

Table 7.20 Statistical analysis of model simulatiorfor N-uptake of rice at various
irrigation treatments and legume crops in rice-ricelegume crops sequence of 2008-
2009 for validation data sets.

Indicators Rice Peanut Soybean
CS ASNS
N 24 24 9 9
Xm(SD) 66.9(44.9) 63.9 (52.5) 9.1 (5.7) 10.3 (7.4)
Xs(SD) 75.8 (56.5) 84.4 (56.5) 10.5 (8.1) 13.4 (7.6)
P(t) 0.25* 0.06* 0.56* 0.39*
a 1.16 1.27 1.38 0.91
b 6.98 12.8 -2.04 4.01
R? 0.96 0.91 0.99 0.83
RMSE, 11.2 17.7 0.7 3.6
RMSE, 18.9 31.4 8.1 35.1
EF 0.8 0.3 0.8 0.6

N, number of measured/simulated data pairg; Mean of measured values in each season;
Xs, mean of simulated values in each season; (S&)datd deviation of whole population;
P(t), significance of paired t-test; in a columm) pt means simulated and measured values
are not significantly different at 95% confidencevedl; a, slope of linear correlation
coefficient between measured and simulated vaBiesitercept of linear relation between
measured and simulated values?, Retermination coefficient between measured and
simulated values; RMSEabsolute root mean square error; RMStbrmalised root mean
square error; EF, efficiency of forecasting.
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7.4 Discussion

The APSIM-Oryza allows continuous simulation ofl minditions, following
initialization at the start of a simulation sessiamcluding rice—rice-legume crop
sequences, user-specified in terms of crop managemach as sowing and
transplanting dates, crop density, and N managementdates, rates, types and
application methods of nitrogenous fertilisers. tkermore, the APSIM-Oryza
allows simulation of organic carbon and nitrogerOghand NH) dynamics in the
anaerobic soil conditions during the submerged sieason and in the aerobic soill
conditions during the dry season of legume cros/(IGn et al., 2009).

In the CS irrigation treatment, the APSIM-Oryzafpens well in simulating
the dynamics of floodwater during the rice grow#ripd in the calibration set, as
assessed through graphical comparison and goodfifisparameters. However, as
crop sequences progress with time, the performarfickthe model was poor to
simulate floodwater dynamics in the CS irrigatioeatment in the validation set.
This is probably due to increase in soil percolatiate as the result of the
disturbance of the subsoil hardpan at sampling tftbe soil in each plot. Although
the holes were filled with clay mud after soil sdimg, frequent soil sampling on
small plots would destroy hardpan systems leadingqi¢reased percolation rates.
Furthermore, water input from irrigation increase@ach season being higher in the
dry season than in the wet season (see Chapteeddiprs 4.2). In this case,
percolation rate of the second layer of soil (20et0 depth) in the model was
changed to match the measured values. When peototate in the model was reset
to the higher values of 17.1 mm dafpr the validation data set in the wet-season of
2008/2009 and dry-season of 2009, the model pedocen was quite satisfactorily
(Fig. 7.19).

In contrast, the APSIM-Oryza was poor in simulatitigg dynamics of
floodwater during the rice growth periods in theM&sirrigation treatment. During
the nonsubmergence period, water depth was belewdh surface at about 10 cm
before re-irrigation was applied. The APSIM-Oryzaaswless satisfactory to
reproduce the dynamic of daily floodwater in thése. This is because the APSIM
was not intended to simulate the dynamic of daibnging depth under water
limitation whereas a new APSIM-Pond module recentigveloped and
communication with other modules (SoilN and Soilyvat the systems have
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changed. The main task of this study was to evaltie performance of the APSIM
in simulating crops, water and soil variables ure@ormal condition. This remains
a future challenge of the model to precisely siran@ater dynamics of irrigated rice
under water limitation. However, simulated totalt@anput in the ASNS irrigation
treatment during rice growth period was close torniteasured values (Table 7.5 and
7.11). This indicates a good performance of the ehtml simulate total water input
in the lowland rice-based cropping systems undetemwdmitation, although
simulated the daily water depth was in less agreemith measured values. The
model generally could be used to simulate lowlaicé-based cropping systems
under limited and non-limited water irrigation saeos in terms of total water input.
The capability of the APSIM to simulate rice-bagadning systems under water
limitation is very important as water is becomingarge and adapting farming
systems to reduced availability of irrigation waigran emerging research issue in
irrigated districts throughout the globe.

The dynamics of floodwater resulting from the modak comparable with the
ORYZA2000 model reported by Belder et al. (20070 &®ng et al. (2007). They
found that the Rwas lower, the value af was greater than 1 afiddeviated from 0
for simulated and measured field water depth. Algiothe ORYZA2000 model was
less accurate in simulating water depth dynamiasnguthe rice growth periods,
Belder et al. (2007) used the simulated resultealculate water balance under
experimental conditions, and to extrapolate todlerent seasons and soil types.
They argued that the time step of integration en@RYZA2000 is one day, and it is
unknown whether rainfall events occurred during riight (i.e., after integration of
state variables in the model occurred) or durirgday (i.e., before integration took
place). The integration of the state variables ghntakes place at the end of the day,
and the model always assumes rainfall to have tplkere during the day. Similarly,
irrigations were sometimes applied before the nreasent of ponded water depth
or soil water tension, and sometime after. If @tign is applied in the morning, a
considerable amount of the water would already hd&een lost through
evapotranspiration and percolation by the end efday, and less water would have
been lost if irrigation applied in the afternoon. APSIM, the time step of integration

is also one day and these explanations are agplib& model (Keating et al. 2003).
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Soil inorganic N (N@N and NH-N) varied considerably following the crop
growth seasons and reached peaks when N fertiisgpplied. The APSIM-Oryza
was generally poor in simulating the dynamics ofsNDand NH-N concentration
in soil during rice and legume crops growth periadsler CS and ASNS irrigation
management and N fertiliser rates. Nitrogen fediliwas applied at 8, 30 and 54
days after transplanting (DAT) and soil was sampbetore N fertiliser applied.
Simulated NH-N reached a peak at 20-24, 31-33 and 57-59 DATS ifidicates that
the rate of urea hydrolysis at the first N fer@lisapplication was very low while at
second and third applications were too fast. SitedldNH;-N and NQ-N of soill
declined rapidly after top dressing compared wighér measured values. Measured
NH.-N and NQ-N concentrations of soil at 140 kg N'hduring rice growth periods
were around 18 and 5 kg haespectively and around 8 and 20 kg' mespectively
during legume crops growth periods. However, siteada\NH-N and NQ-N were
close to zero for most of the time. Low valuesiofidated soil N@N concentration
suggested that the model is probably underestigpatittrification rate and/or
overestimating denitrification.

Measured N@N concentration in soil increased at deeper saijets,
indicating that N@N leaching occurred downward which probably edato the
coarse-texture of soil used in this study, whessamilated values were almost zero
at deeper soil layers. In an ideal irrigated rieédE with fine-textured soil, leaching
losses of N are low because of restricted peravigiBuresh et al., 1989; George et
al., 1992). However, in coarse-textured soils withh permeability, the loss of N
through leaching can be substantial because of pegbolation and drainage of
water in these soils in which NN is leached downward (Shrestha and Ladha
2002). High N@-N concentration in soil is expected in the drysseaduring the
legume crops growth in a rice-rice-legume cropsieage because the drying of the
soil at the end of the rice crop is suitable farification. However, accumulated
NOs-N during the dry season is prone to loss by learkuring rice flooding in the
wet season (Buresh et al. 1989; George et al. 1982tata, 1995).

The different response of net mineralisation toaxiliser between rice and
legume crops probably is the result of differenicesoil inorganic N content in the
zero fertiliser treatment. During irrigated ricegith period, soil inorganic N content
is low at zero N fertiliser application due to lowineralisation under flooded
conditions (Fig. 7.4 — 7.11) (Shibu et al., 200@gJet al., 2010). During the dry
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season of the legume crops growth periods, sorgar@c N content increased to a
relatively high level before N fertiliser applicati to the legume, which then rapidly
declined, resulting in a slightly positive resportgenet N mineralisation. APSIM
has reproduced this pattern although the simublaades were lower than measured
values.

In fine textured soils of most rice-growing envinoents, soil oxygen is rapidly
depleted when the soils are flooded and soikNGs prone to loss by denitrification
as well as leaching. Soil NEN is normally negligible at the end of irrigatede
season (De data, 1995; Buresh et al, 1989). Thidesic assumption of APSIM that,
when there is a pond on the surface, the soil axygeels are very quickly reduced
(oxygen depleted) and all soil N@re denitrified and lost. However, this assumption
may not be generally correct for a coarse-textw@t with high percolation rates
where there was NfN and NQ-N concentration in soil under anaerobic conditions
(as was case in this study) although their valuesevemall (Fig. 7.10 and 7.11).
Other studies also found similar results (Pathalalgt2004; Pande and Becker,
2003; Aulakh et al.,, 2000). Pathak et al. (2004)oreed that measured NOI
concentration of a loam soil in Delhi India was afw around 10 kg Haduring the
rice growth period receiving 120 kg N"ha

The relative complexity of modelling N dynamics the alternation of
anaerobic and aerobic conditions in the rice-regpime crops sequence is well
known and the weaknesses of the simulation have tegrted for other models as
well, such as CERES-Rice (Pathak et al., 2004; ihianend Humphreys, 2006).
Pathak et al. (2004) evaluated the CERES-Rice ma@el 4.0), where this source
code of APSIM-Pond was mainly derived (Gaydon et2009), for soil mineral N
and loss processes from rice-wheat cropping systani3elhi and Punjab. They
found that simulation of soil mineral N in the sagé layer (0-15 cm) was generally
poor. Based on this study and others, the behavajuthe nitrification and
denitrification in the model under anaerobic anbe conditions of coarse-texture
soil need further evaluation.

The model performed quite good in simulating th@atgic of soil organic
carbon during the rice and legume crops growthopgeieasured OC decreased in
deeper soil layers and simulated values followesl phattern, although the measured
OC was more scattered than simulated values. Tdisdated that mineralisation of

OC in the model was slower than in the field. Wkeih is flooded, oxygen is almost

174



Chapter 7

depleted due to much slower oxygen diffusion in ematreating an anaerobic
condition (Brune et al., 2000) and decompositiommfanic substrates takes place in
the absence of oxygen. Decomposition of organicstsates under anaerobic
conditions is slower than under aerobic conditi@@ebernmann and Witt, 2000;
Sahrawat, 2004; Bird et al., 2003) with the ratiesrganic substrates decomposition
in the first-order reaction are about 2 to 3 timewer than that under aerobic
condition (DeBusk and Reddy, 1998; Jing et al.,®0This condition is applied to
APSIM-SoilN module (Gaydon et al., 2009).

The APSIM-Oryza generally predicted rice and legusreps variables
satisfactorily for the rice-rice-legume crops sewe in both calibration and
validation data sets. Gaydon et al. (2009) and gheinal. (2007) also observed
similar results of the capability of the model tonslate rice crop variables.
Simulated biomass followed the pattern of measwusddes during rice and legume
crops growth periods with better performance ofrtiaglel in the CS than that in the
ASNS irrigation treatments. The model performedl|welsimulating rice biomass
and N-uptake, although simulated values were $lighigher in the dry-season as N
fertiliser rates increased. This was probably dumadequate simulation of nitrogen
immobilisation during residue decomposition follogithe first rice crop (Suriadi et
al., 2009). This is also related to higher simuatél and N-uptake as N fertiliser
rates increased.

The robustness of the APSIM performance under wgdech as CS and
ASNS) and N management in rice-based farming systerof particular importance.
Rice is one of the biggest users of the world’'selilgyed freshwater resources
(Tuong and Bouman, 2003; Bouman and Tuong, 200gnguet al., 2005).
Improving the water use efficiency will be one bétmajor challenges in irrigated
rice-based production (Keerthisinghe, 2006). Iis gtudy, APSIM-Oryza was only
evaluated with respect to crop variables (biomggedd, LAl and N-uptake), soll
variable (organic carbon, nitrate-N and ammoniumaNyl water (ponded depth) in
rice-rice-legume crops sequence in tropical climalée transportation and
transformation of N in the systems such as nitatfan, denitrifation and fixation
under anaerobic and aerobic conditions need fuglaluation, which is hampered
by the availability of suitable data set to test thodel. Such detailed experimental

data sets are required including information onvabground and below-ground
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processes to enable a more comprehensive evaldt®ASIM-Oryza in rice-based
farming systems.

If the APSIM-Oryza is well tested and validated, cbuld be used with
confidence to explore management options to inereasource use efficiency, such
as water-saving irrigation (Belder et al., 2007ndrest al., 2007) and efficient N
management (Jing et al.,, 2007). Suriadi et al. $20@ported that the ASNS
irrigation treatment on coarse soil could resulwiater saving of 36-44% compared
with the CS irrigation treatment without signifi¢tgnreducing yield and components
of yield, and biomass. Belder et al. (2004) foummilar results in a high clay
content of soil (silty clay) with percolation rate 1-4.5 mm per day in a shallow
ground water table. APSIM-Oryza could be applie@gxplore the consequences of
different water management on productivity, andduge contribute a better
understanding of underlying biophysical processesvall as to identify potential
trade-offs between productivity and environmentalalg. Although substantial
improvements have been made to the APSIM-SoilN nepdfurther work is
required before it could be used to simulate N-dyica satisfactorily.

7.5 Concluding remarks

APSIM-Oryza allows continuous simulation of cropater and soil variables
in rice-based farming systems with sufficient aacyrto capture the major effects of
N and irrigation management on lowland rice andiheg crops in rice-rice-legume
crops sequence in the tropical climate. The studywved that generally simulated
crop variables (biomass, yield, LAl and N-uptake)der both CS and ASNS
irrigation treatments and various N fertiliser apaiion rates matched with
measured values. The dynamics of daily floodwaterewsimulated quite good by
the model in the CS treatment and total water impatched with measured values.
However, inorganic N dynamics and daily floodwatgmamics in the ASNS
irrigation treatment needs further improvement fetter prediction of growth and
development and N- and water-related processetcydarly in coarse-textured soils
with a high percolation rate.

APSIM-Oryza has considerable potential for the mteaevaluation of saill,
water and crops management practices in rice-basedng systems. Adequate and
good quality experimental data sets would be regufor further improvement of
key model processes.
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CHAPTER VIiI

General discussion and conclusions

To meet the food demands of growing populatiortg production needs to be
increased or maintained in the next few decadesveder, there is an increasing
threat to the productive capacity of rice environineith water scarcity, drought,
salinity, flooding and climate change. Because lase stresses rice production
needs to be water efficient by being able to grawvamwice with less water.

Various water-saving technologies such as altersatemerged and non-
submerged, saturated soil culture, raised-bed reuind aerobic rice can all reduce
water input with variable reduction in yield depemgon the environment where the
technologies are being used such as soil propenahsding texture, ground water
depth and climate. Most water-saving technologi@s ifrigated rice have been
developed for fine-textured soils which have lowcpéation and seepage rates with
little attention to coarse-textured soils. Irrightéce fields on fine-textured soils also
have low leaching losses of N (in MM form) that highly contrast with coarse-
textured soils due to the difference in permeahilit

These factors have led to examining the hypothesthis work (Chapter 1)
that the water use productivity of rice can be iowed without significant decrease
in yield through improved water management. Ther@Vaim is to improve crop
growth simulation capability that captures the asseof temporal variation in depth
of ponding and the concentration of available formhsN in rice and other crops
within the sequence to allow testing of various ewadnd nitrogen management
strategies.

A series of field experiments were conducted udhe rice-rice-peanut and
rice-rice-soybean crop sequences for a period péats (2007--2009) to meet the
objectives described above and as detailed in @hdpAll methods and results of
these field experiments were described in full ilétathe previous chapters. This
chapter provides a summary of the main findingshed study to indicate overall

outcomes (conclusions) and the direction for futesearch in this area.



Chapter 8

8.1 Productivity of rice and legumes

The results of this experiment showed that biomassld and various
components of yields were not significantly differebetween ASNS and CS
treatments over four rice seasons. There was atsaviag of 36-44% of irrigation
water with ASNS over CS (Chapter IV). This led to @verall increase of 52% in
water productivity for ASNS over CS. As shown igF8.1, yield of rice remained

relatively constant over a considerable range tal twater used.
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Figure 8.1 Variation in yield of rice over four seaons with total water used from
rainfall and irrigation for various irrigation and fertilizer treatments.

The results of this experiment were comparable wiith studies on fine
textured soils with shallow ground water tablesi@wmgon et al., 2004; Belder et al.,
2004, Qi jing et al., 2007). The absence of angifigant interaction in the effects of
irrigation treatments with N-treatments suggest thase results may be considered
as typical for well-drained fields with deep groundter tables in irrigated lowlands
of eastern.

During the dry season after the harvest of the rkeiwe crop, two types of
legumes (soybean and peanut - commonly used ascecaghin this region) were
planted to evaluate their performance in relatiorthte dynamics of N in soil as

influenced by N-fertiliser application and any kgl N remaining in soil from the
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previous crop (Chapter VI). Although nitrogen fiesgr application increased NHN
and NQ-N concentrations in soil during legume growth,réh&as no significant
effect of N fertiliser on growth, N-uptake and yleNarious studies have indicated
inhibition to nodule formation in legumes with ajgpkion of N fertiliser (Daimon et
al. 1999; Taylor et al., 2005; Ray et al., 2006)cluding soybean (Starling et al.,
1998) and peanut (Basu et al., 2008). The restiltsi®study suggests that applying
N fertiliser to peanut and soybean in rice-ricedi®g@ crop sequence is unlikely to
increase biomass and vyield substantially. Thusnéas in this region should not

consider applying N fertiliser to peanut and soybe@ps.

8.2 Nitrogen and carbon dynamics in rice-based croppingystems

In lowland rice-based cropping systems, there i®mphasis to maintain or
improve rice yield with increased application offétiliser. There are also concerns
that in coarse textured soils, persistence of aeraindition during rice crop, may
reduce concentration of NHN and increase the concentration of NDthat may
contribute to leaching losses and reduce N-uptakéhé crop as rice crop prefers
NH4-N. From a modelling perspective, capturing theatyits of various forms of N
within ponded water and soil is a major challerigata on simulated NfAN over
two rice seasons used for model validation are shiowFig. 8.2 as an example of
current limitation of the model to capture thesaalyic aspects.

Measurements of Nf-N and NQ-N in Chapter V showed low concentration
of NHs- and NQ-N with no added fertilizer-N (FO treatment) whiahcreased
significantly with increased application of N féiger within 0-20 cm depth, but to a
smaller extent at >20 cm depth. There were shaibge of non-submergence in
ASNS irrigation treatment that might have contrdzuto nitrification (Aulakh and
Bijay-Singh, 1997) with higher levels of NI in ASNS than CS (during panicle
initiation and flowering stages in some of the ragmasons). However, there was
sufficient NH,-N present in soil that did not adversely affectuptake by rice
significantly. It appears that model deficiencycapturing the dynamic aspects of N-
availability in soil and water during crop growtlddot lead to poor performance of

the model in predicting N-uptake of rice (Fig. 8.3)
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Figure 8.2 A comparison of simulated and measuredacentration of NH,;-N within the
top 20 cm of soil during the validation period of wo rice seasons in 2008-09.
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Figure 8.3 A comparison of simulated and measured -Nptake by rice for CS and
ASNS treatments during the validation period of tworice seasons in 2008-2009.
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During the growth of legumes, reasonable level®Bf- and NQ-N were
detected for the control plots that did not receiag fertiliser-N (FO treatment). This
may have occurred due to the mineralisation of mgeatter as rice straw from the
second rice crop was returned to the field for ldgume season. For plots which
received N-fertiliser, the concentration of NN and NQ-N in soil increased with
increased quantity of N fertiliser. On some occasjdigh concentration of NEN
was found in deeper soil layers which would be prtmleaching losses during rain
or irrigation. Although there was hardpan layerhwit20-30 cm depth which may
have contributed to reducing percolation rates,sthieat this experimental site was
light texture i.e. sandy loam. Therefore, it is onjant to optimise N and irrigation
management in cropping systems to reduce cost rafisers but also to avoid

environmental pollution., .

8.3 Modelling rice-based cropping systems with APSIM-Oyza

Crop production and management strategies can ehargy time in a given
region as they respond to decline in resources witlwithout climate change.
Various adaptation strategies can be developedsimg wvell-tested farming systems
models as these can capture the complex interachietween water, nutrients, crop
growth, climate variability and management practic®s mentioned previously, the
alternation between anaerobic and aerobic conditiorrice and associated impacts
on the decomposition of soil organic matter, niafion and denitrification
processes poses some challenge. Although APSIMpiahte of modelling cropping
systems, it was unequipped to describe the sogmnwaarbon and nitrogen dynamics
for crops within a rotation that involved pondederiand other non-ponded crops.
Relevant chemical and biological processes thatirott long-term ponded fields
were also not considered in APSIM. Gaydon et &092 developed new elements in
APSIM to capture these. In this study, the perforceaof the modified version of
APSIM as APSIM-Oryza was used to simulate irrigatéze-rice-legume crop
sequences under various nitrogen and irrigatiomtrivents. Full details were
considered in Chapter VII.

The overall performance of APSIM-Oryza indicatedttthe model was able
to predict grain yield of rice over two seasonstioth CS and ASNS water regimes

and three rates of N-fertilizer application (Figd)8 Results indicated that the model
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performed well in simulating the dynamics of ddilgodwater during rice growth
period for the CS irrigation treatment. However, SAM-Oryza was unable to
simulate the floodwater dynamics under ASNS on By daasis, especially the
occurrence of water level below the soil surfacesiite these, the simulated total
water input (irrigation + rainfall) during the gravg season was comparable with

the measured values (Chapter VII).
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Figure 8.4 Simulated grain yield versus measured gin yield of rice over two seasons
in 2008-09 used for model validation. Open and féild symbols denote data from CS
and ASNS treatments, respectively. The solid linedicates the fitted regression line for
the presented data and the dashed line representset 1:1 line.

A new APSIM-Pond module is currently under develepimto simulate the
dynamics of irrigated rice under ASNS water treattra water limited conditions.
This is an important development as maintenancecaiftinuous submerged
conditions in rice is difficult unless rainfall wwell distributed over the growing
season. As water is becoming scarce, it is impbttadevelop farming systems that
can adapt to reduced availability of water.

The APSIM-Oryza generally reproduced measured eesjables for rice and
legumes. Simulated biomass, yield and LAI of ricel degumes were generally

similar to measured values. Furthermore, the mo@dal able to simulate N-uptake
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generally and match with measured values, althaegterally under-simulated of
NHz-N and NQ-N concentration in soil.

The APSIM-Oryza was evaluated for soil variablerwMH;-N, NOs-N and
organic carbon (OC) under various N fertiliser amater treatments. The results
showed that the model performed quite good in satmg the dynamic of soll
organic carbon during rice and legume crops gromeghiod. However, the model
was generally poor in simulating NN and NQ-N concentration of the soil during
rice and legume crops growth periods under CS a8N3\water management and
various N fertiliser application rates. SimulateHHAN and NQ-N concentration in
soil declined rapidly after a top dressing applaatof urea compared with higher
measured values. Low values of simulated soikINCQ-oncentration suggested that
the model is probably underestimating nitrificatioate and/or overestimating
denitrification. Furthermore, measured NE concentration in soil increased as soll
depth increased which indicated that D of soil has leached downward in this
type of soil whereas simulated values were almest at deeper soil layers. This is
probably because the APSIM was developed undemextéxtured soil on the
assumption that soil oxygen is rapidly depletedeuritboded conditions and all soil
NOj3 denitrifies and disappears. However, this asswnpthay not be true for the
coarse-textured soil with high percolation rateglstd here where there was NN
and NQ-N concentrations in soil under anaerobic condgiatihough their absolute

values were small (Fig. 8.1 and 8.2).

8.4 Conclusions

On the basis of the results presented in this amarkimplications discussed in
this and other chapters, the following conclusiaresreached.

* The absence of any significant reduction in yididmass and N-uptake in rice
due to the direct effects of irrigation treatmestsl lack of significant interactive
effects with N-treatments suggest that alternagivlemerged and non-submerged
(ASNS) irrigation practices in lowland rice can sa considerable amount of
water without affecting yield adversely. These hsswan be considered as
typical for well-drained soils with deep ground esatables within the irrigated

lowland rice producing region of eastern Indonesia.
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Due to the lack of any significant effects of Ntileser rates on seed vyield,
harvest index, N-uptake and N-harvest index of hm#anut and soybean, N-
fertilizer should not be applied to legumes wheifoltows rice in this region.
Thus, farmers can grow peanut and soybean in ¢igi®m of study site without
applying any N fertiliser.

Frequent measurement of various available form&N diNH,-N and NQG-N)
during the growth of rice is required to develop wmderstanding of the net
effects of various N-transformation processes iil gD anaerobic condition
(under CS water regime) and aerobic condition (u&BNS water regime),
plant uptake and losses from the root zone. Duttreggrowth of legumes, N-
fixation with the formation of root nodules addsther complexity to these
processes. A better understanding of these prazessequired to improve water
and nitrogen management strategies in rice-basadinfg systems to achieve
sustainable yield while maintaining high nitrogem avater use efficiencies.

The farming system model of APSIM-Oryza was sudodlgscalibrated and
validated for the experimental site. The model &bk to capture the major
effects of water and N-management strategies op ftroctions that included
growth and biomass, N-uptake and yield, but undienesed the dynamic aspects
of NHs-N and NQ-N in soil, especially during alternation of and®wmand
aerobic conditions for lowland rice. Notwithstanglithese minor limitations,
APSIM-Oryza can be used to test and develop swdiEnowland rice-based

farming systems to promote environmentally-frienadyicultural practices.
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Appendix 1

APPENDIX 1. Logic commands for rice-rice legume crp sequences for
APSIM-Oryza

Logic commands for rice-rice-legume crops sequesicgulation in the general

manager of APSIM are described below:

Rice crop

I'SET MAX_POND =100 RIGHT AT START
'SOIL WATER' SET MAX_POND = 100

! kkkkkkkkkkkkkk SOW RICE CROP LOGIC kkkkkkkkkhkkhkkik kkkkkkhkkkkkkkkkk
I SOW FIRST RICE CROP IN NURSERY ON 6 NOV 2007, TRABPLANT ON
23 NOV 2007
IF DAY =311 AND YEAR = 2007 THEN
RICE SOW CULTIVAR = CIGEULIS, ESTABLISMENT =
TRANSPLANT, SBDUR =17, NPLH =1, NH =25 , NPBS 2000
ENDIF

I SOW SECOND RICE CROP IN NURSERY ON 14 MAR 200RANSPLANT
ON 2 APRIL 2008
IF DAY = 73 AND YEAR = 2008 THEN
CROP =2
RICE SOW CULTIVAR = CIGEULIS, ESTABLISHENT =
TRANSPLANT, SBDUR =19, NPLH =1, NH =25 , NPBS 2000
ENDIF

I'SOW THIRD RICE CROP IN NURSERY ON 15 NOV 2008, ANSPLANT ON
2 DEC 2008
IF DAY = 320 AND YEAR = 2008 THEN
CROP =3
RICE SOW CULTIVAR = CIGEULIS, ESTABLISHENT =
TRANSPLANT, SBDUR =17, NPLH =1, NH =25 , NPBS 2000
ENDIF

I SOW FOURTH RICE CROP IN NURSERY ON 13 MAR 200RANSPLANT
ON 1 APR 2009
IF DAY =72 AND YEAR = 2009 THEN
CROP =4
RICE SOW CULTIVAR = CIGEULIS, ESTABLISHENT =
TRANSPLANT, SBDUR =19, NPLH =1, NH =25 , NPBS 2000
ENDIF

IF RICE.PLANT_STATUS = 'DEAD' THEN
RICE END_CROP
'SURFACE ORGANIC MATTER' TILLAGE TYPE = BURNO
TOT_IRRIG =0
IRRIG_AMOUNT =0
PONDED_DEPTH =0
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IRRIGATION END
ENDIF

Peanut crops
I ***NOW GROW A PEANUT CROP IN THIRD SEASON IN 208 *****x¥ix

IF DAY =201 AND YEAR = 2008 THEN

PEANUT SOW CULTIVAR = GARUDA, PLANTS = 15 (/M2),
SOWING_DEPTH = 40 (MM)
ENDIF

IF DAY = 230 AND YEAR = 2008 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 240 AND YEAR = 2008 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 250 AND YEAR = 2008 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 260 AND YEAR = 2008 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF PEANUT.STAGENAME = 'HARVEST_RIPE' OR PEANUT.PLAN STATUS
='DEAD' THEN

PEANUT HARVEST

PEANUT END_CROP
ENDIF!

kkkkkkkkkkkkkkkkkkkkkkkkkkhkkhkkhkkhkkkhkkkkkkkkhkkkkkkhkkkkk *kkkkkkkkk

[ e NOW GROW A PEANUT CROP IN 3RD SEASON 200 *##ksx

IF DAY = 200 AND YEAR = 2009 THEN

PEANUT SOW CULTIVAR = GARUDA, PLANTS = 15 (/M2),
SOWING_DEPTH = 40 (MM)
ENDIF

IF DAY =220 AND YEAR = 2009 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 230 AND YEAR = 2009 THEN

IRRIGATION APPLY AMOUNT =30, NO3=3,NH4 =0
ENDIF
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IF DAY = 240 AND YEAR = 2009 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY =273 AND YEAR = 2009 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF PEANUT.STAGENAME = 'HARVEST_RIPE' OR PEANUT.PLAN STATUS
='DEAD' THEN

PEANUT HARVEST

PEANUT END_CROP
ENDIF!

kkkkkkkkkkkkhkkhkkkkkkkkkkkkhkkhkkhkkkkkkkkkhkkhkkhkkkkkkkkkx kkkkkkkkkk

Soybean crop.

[ NOW GROW A SOYBEAN CROP IN THIRD SEASON IN2008******

IF DAY =199 AND YEAR = 2008 THEN

SOYBEAN SOW CULTIVAR = WILIS, PLANTS = 15 (/M2),
SOWING_DEPTH = 40 (MM)
ENDIF

IF DAY = 230 AND YEAR = 2008 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 240 AND YEAR = 2008 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 250 AND YEAR = 2008 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 260 AND YEAR = 2008 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF SOYBEAN.STAGENAME = 'HARVEST_RIPE' OR
SOYBEAN.PLANT_STATUS ='DEAD' THEN

SOYBEAN HARVEST

SOYBEAN END_CROP
ENDIF

[ NOW GROW A SOYBEAN CROP IN THIRD SEASON IN2009******
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IF DAY =198 AND YEAR = 2009 THEN

SOYBEAN SOW CULTIVAR = WILIS, PLANTS = 15 (/M2),
SOWING_DEPTH = 40 (MM)
ENDIF

IF DAY =220 AND YEAR = 2009 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 230 AND YEAR = 2009 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY = 240 AND YEAR = 2009 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY =273 AND YEAR = 2009 THEN
IRRIGATION APPLY AMOUNT =30, NO3 =3, NH4 =0
ENDIF

IF DAY =294 AND YEAR = 2009 THEN
SOYBEAN HARVEST
SOYBEAN END_CROP

ENDIF

Logic command for irrigation treatments as follow:

For CS treatment:

IF RICE.PLANT_STATUS = 'ALIVE' AND PONDED_DEPTH <=15 AND
RICE.DVS <= 1.75 AND RICE.DVS > 0.185 THEN
IRRIG_AMOUNT =100 - PONDED_DEPTH
IF CROP =1 THEN
IRRIGATION APPLY AMOUNT = IRRIG_AMOUNT, NO3 2, NH4 =0
IF RICE.DVS > 0.2 THEN
TOT_IRRIG = TOT_IRRIG + IRRIG_AMOUNT
ENDIF
ELSE
IRRIGATION APPLY AMOUNT = IRRIG_AMOUNT, NOZ 2, NH4 =0
IF RICE.DVS > 0.2 THEN
TOT_IRRIG = TOT_IRRIG + IRRIG_AMOUNT
ENDIF
ENDIF
ENDIF

For ASNS treatment:
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IF RICE.PLANT_STATUS = 'ALIVE' AND WATER TABLE >=10 AND
RICE.DVS > 0.185 THEN

IRRIG_AMOUNT = 50

IRRIGATION APPLY AMOUNT = IRRIG_AMOUNT

IF RICE.DVS > 0.2 THEN

TOT_IRRIG = TOT_IRRIG + IRRIG_AMOUNT

ENDIF

ENDIF

L ogic command for fertiliser treatment as foll ow:

| *kkkkkkkkkhkikx RICE CROP 1 *kkkkkkkkkkkkkkkkkkhkkk kkkkkkkkkkkkkkkkkk

' FERTILISE 7 DAYS AFTER TRANSPLANTING
IF DAY =334 AND YEAR = 2007 THEN
FERTILISER APPLY AMOUNT = AMOUNT1, TYPE §REA_N
ENDIF

I FERTILISE 29 DAYS AFTER TRANSPLANTING (TILLERING
IF DAY = 356 AND YEAR = 2007 THEN
FERTILISER APPLY AMOUNT = AMOUNTZ2, TYPE E§REA_N
ENDIF

IF DAY = 15 AND YEAR = 2008 THEN
FERTILISER APPLY AMOUNT = AMOUNTS3, TYPE §REA_N
ENDIF

| *kkkkkkkkkhkkkx RICE CROP 2 *kkkkkkkkkkkkkkkkkkhkkk *kkkkk

IF DAY =101 AND YEAR = 2008 THEN
FERTILISER APPLY AMOUNT = AMOUNT1, TYPE §REA_N
ENDIF

IF DAY =123 AND YEAR = 2008 THEN
FERTILISER APPLY AMOUNT = AMOUNTZ2, TYPE HREA_N
ENDIF

IF DAY = 146 AND YEAR = 2008 THEN
FERTILISER APPLY AMOUNT = AMOUNTS3, TYPE §REA_N
ENDIF

| *kkkkkkkkkkkkkx RICE CROP 3 *kkkkkkkkkkkkkkkkkkhkkk *kkkkkkkkkkkkkkkkk

IF DAY = 344 AND YEAR = 2008 THEN
FERTILISER APPLY AMOUNT = AMOUNT1, TYPE §REA_N
ENDIF

IF DAY =3 AND YEAR = 2009 THEN

FERTILISER APPLY AMOUNT = AMOUNTZ2, TYPE HREA_N
ENDIF
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IF DAY =22 AND YEAR = 2009 THEN
FERTILISER APPLY AMOUNT = AMOUNTS3, TYPE §REA_N
ENDIF

| *kkkkkkkkkhkkkx RICE CROP 4 *kkkkkkkkkkkkkkkkkkhkkk *kkkkkkkkkkkkk

IF DAY =99 AND YEAR = 2009 THEN
FERTILISER APPLY AMOUNT = AMOUNT1, TYPE §REA_N
ENDIF

IF DAY =121 AND YEAR = 2009 THEN
FERTILISER APPLY AMOUNT = AMOUNTZ2, TYPE HREA_N
ENDIF

IF DAY = 144 AND YEAR = 2009 THEN
FERTILISER APPLY AMOUNT = AMOUNTS3, TYPE §REA_N
ENDIF

| *kkkkkkkkkkkkkhkhik P EAN UT | N 2008***************** *kkkkkkkk

' FERTILISE 15 DAYS AFTER SOWING
IF DAY =215 AND YEAR = 2008 THEN
FERTILISER APPLY AMOUNT = PNUT_AMOUNT1,YIPE = UREA_N
ENDIF

| *kkkkkkkhkkhkhkkkhkkhkhkkhkkkhkhkkhkhkkkhkkkhkkkhkhkkkhkkkhkkkkkk kkkkkkkkkkkkkkkkk

| **kkkkkhkkkhkhkkkhkhkkk P EAN UT I N 2009***************** *kkkkkhkkhkk

I FERTILISE 15 DAYS AFTER SOWING
IF DAY =215 AND YEAR = 2009 THEN
FERTILISER APPLY AMOUNT = PNUT_AMOUNT1,YIPE = UREA_N
ENDIF

| *kkkkkkkkkkkkhihhik SOYB EAN | N 2008 *kkkkkkkkkkkkkk *kkkkkkkkk

' FERTILISE 15 DAYS AFTER SOWING
IF DAY =215 AND YEAR = 2008 THEN
FERTILISER APPLY AMOUNT = SOY_AMOUNT1, TRE = UREA_N
ENDIF

I FERTILISE 40 DAYS AFTER SOWING
IF DAY =235 AND YEAR = 2008 THEN

FERTILISER APPLY AMOUNT = SOY_AMOUNTZ2,YIPE = UREA_N
ENDIF

| *kkkkkkkkkhkkhihkhik SOYB EAN | N 2009 *kkkkkkkkkkkkhkk *kkkkkkkkk

' FERTILISE 15 DAYS AFTER SOWING
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IF DAY =214 AND YEAR = 2009 THEN
FERTILISER APPLY AMOUNT = SOY_AMOUNT1, TRE = UREA_N
ENDIF

I FERTILISE 40 DAYS AFTER SOWING
IF DAY =235 AND YEAR = 2009 THEN

FERTILISER APPLY AMOUNT = SOY_AMOUNTZ2,YIPE = UREA_N
ENDIF

| *kkkkkkkhkkkhkkhkkkhkhkkhkkkhkhhkhkhkkkhkkkhkkkhkhkkkhkkkhkkkkkk kkkkkkhkkkkkkkkkkk
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