
G

E

L

M
a

b

c

d

a

A
R
R
A

K
C
C
I
N
C
T

1

c
a
d
1
c
t
s
t
t
H
u
t
m
s

C
f

1
d

ARTICLE IN PRESSModel

URAGR-24906; No. of Pages 17

Europ. J. Agronomy xxx (2010) xxx–xxx

Contents lists available at ScienceDirect

European Journal of Agronomy

journa l homepage: www.e lsev ier .com/ locate /e ja

INTUL3, a simulation model for nitrogen-limited situations: Application to rice

.E. Shibua,d,∗, P.A. Leffelaara, H. van Keulena,b, P.K. Aggarwalc

Plant Production Systems Group, Wageningen University, P.O. Box 430, 6700 AK, Wageningen, The Netherlands
Plant Research International, Wageningen University and Research Centre, P.O. Box 16, 6700 AA Wageningen, The Netherlands
Indian Agricultural Research Institute, Pusa, New Delhi-110012, India
Macaulay Land Use Research Institute, Cragiebuckler, AB15 8QH, Aberdeen, UK

r t i c l e i n f o

rticle history:
eceived 1 June 2009
eceived in revised form 12 January 2010
ccepted 18 January 2010

eywords:
rop growth
RRI

RRI
utrition index

a b s t r a c t

LINTUL3 is a crop model that calculates biomass production based on intercepted photosynthetically
active radiation (PAR) and light use efficiency (LUE). It is an adapted version of LINTUL2 (that simulates
potential and water-limited crop growth), including nitrogen limitation. Nitrogen stress in the model is
defined through the nitrogen nutrition index (NNI): the ratio of actual nitrogen concentration and critical
nitrogen concentration in the plant. The effect of nitrogen stress on crop growth is tested in the model
either through a reduction in LUE or leaf area (LA) or a combination of these two and further evaluated
with independent datasets. However, water limitation is not considered in the present study as the
crop is paddy rice. This paper describes the model for the case of rice, test the hypotheses of N stress
on crop growth and details of model calibration and testing using independent data sets of nitrogen
treatments (with fertilizer rates of 0–400 kg N ha−1) under varying environmental conditions in Asia.
alibration

esting Results of calibration and testing are compared graphically, through Root Mean Square Deviation (RMSD),
and by Average Absolute Deviation (AAD). Overall average absolute deviation values for calibration and
testing of total aboveground biomass show less than 26% mean deviation from the observations though
the values for individual experiments show a higher deviation up to 41%. In general, the model responded
well to nitrogen stress in all the treatments without fertilizer application as observed, but between

respo
fertilized treatments the

. Introduction

Photosynthesis, in which atmospheric carbon is fixed into
arbohydrates, is the basis of biomass production. Nitrogen (N)
vailability affects photosynthesis through its impact on leaf area
evelopment and photosynthetic capacity (Novoa and Loomis,
981; Van Keulen et al., 1988), as nitrogen is the major structural
omponent of chlorophyll. Well-tested simulation models, quan-
itatively describing the processes of the nitrogen balance in the
oil, nitrogen uptake by the crop and crop growth, are useful tools
o understand and explore changes in crop growth in response
o changes in nitrogen management (Van Ittersum et al., 2003).
owever, a major constraint to use complex process-based sim-
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

lation models is their large data requirement, because many of
hese data are difficult to measure in a field situation. Simple crop

odels, with limited data requirements, can alleviate this con-
traint (Spitters, 1990). LINTUL (Light Interception and Utilization
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simulator) is such a simple crop model that simulates dry mat-
ter production as a function of light interception using a constant
light use efficiency (LUE; Van Oijen, 1992). LINTUL, developed for
potential crop growth as LINTUL1 (Spitters, 1990), has later been
extended to take into account water-limited conditions (LINTUL2)
(Spitters and Schapendonk, 1990). LINTUL has been successfully
applied to different crops such as potato (Spitters and Schapendonk,
1990), grassland (LINGRA) (Schapendonk et al., 1998), maize (Farré
et al., 2000) and oilseed rape (Habekotté, 1997) in both potential
and water-limited situations. LINTUL3, described in this paper, is
an adaptation of LINTUL2 and includes a description of the effects
of nitrogen limitation on biomass production, for the case of rice.

Under ample nitrogen supply (assuming no limitations for water
and other nutrients), N accumulation in the crop is mostly deter-
mined by intrinsic crop characteristics (Gastal and Lemaire, 2002).
Under nitrogen-deficient conditions, N content in the plant is lower
and carbon accumulation is negatively affected. The reduction in
biomass production in response to N deficiency is associated with
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

either a reduction in total radiation intercepted by the canopy, or
by a decrease in the efficiency with which the intercepted radi-
ation is used to produce dry matter, or a combination of both
(Muchow, 1990). Quantification of these effects appears difficult,
because of conflicting reports on effects on leaf area index (LAI)

ghts reserved.
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Fig. 1. Relational diagram of the LINTUL3 model. Abbreviations used in the diagram: P, precipitation; Ir, irrigation; In, intercepted part of precipitation; E, evaporation; Rn,
run off; T, transpiration; dX/dt, water exploration; D, drainage; WA, amount of water; RFtr, reduction factor for water stress; Tp, potential transpiration; Q0, daily global
radiation; Q, intercepted PAR; k, light extinction coefficient; LUE, light use efficiency; dW/dt, rate of biomass production; (dW/dt)lv, (dW/dt)st, (dW/dt)so, (dW/dt)rt: growth rate
of leaves, stems, storage organs and roots, respectively; (dW/dt)lv,d , (dW/dt)rt,d: death rate of leaves and roots, respectively; Wlv,g , Wlv,d , Wst, Wso, Wrt, Wrt,d: weight of green
leaves, dead leaves, stems, storage organs, roots and dead roots, respectively; RDrt, relative death rate of roots; LAI, leaf area index; NNI, nitrogen nutrition index; dGLAI/dt,
rate of increase in leaf area; dDLAI/dt, rate of decrease in leaf area; Tav, daily average temperature; RL, maximum relative growth rate of leaf area index; Tb, base temperature
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ence in LAI was more than 60% with a maximum of 80% (during the
initial vegetative phase).

In the current modelling approaches, effects of nitrogen short-
age on crop growth have been incorporated through growth
reduction factors, similar to water stress (Jamieson et al., 1998),
or crop development; dHsum/dt, rate of increase in temperature sum; Hsum, temper
laC, specific leaf area constant; SlaCf, specific leaf area correction factor; ε, coefficie
eaf weight due to nitrogen stress. Solid lines and dotted lines are indicating mater
NI indicate that they are linked to Fig. 3.

nd LUE (Green, 1987; Garcia et al., 1988; Sinclair and Horie, 1989;
amieson et al., 2000). Two possible crop responses to N short-
ge can be envisaged (Van Delden, 2001): reduced rate of leaf area
xpansion while maintaining LUE, or maintaining the expansion of
eaf area and intercepted PAR at a reduced LUE. Theoretical studies
nd studies under controlled conditions (Sinclair and Horie, 1989)
n maize, rice and soybean, and field studies in wheat (Green, 1987)
ave shown a higher LUE in crops with higher leaf nitrogen con-
ents. However, field studies by Garcia et al. (1988) have shown
hat an increased nitrogen application resulted in an increased light
nterception in winter wheat due to more rapid leaf expansion.
nder field conditions with moderate water and nitrogen stress,
UE will not be affected significantly, whereas under severe stress,
uch as during a sudden transfer from an optimum nutrient solu-
ion to a deficient one, plants may not be able to rapidly modify
heir morphology, but may reduce LUE (Garcia et al., 1988). To test
he above two hypotheses, Vos and Van der Putten (1998) and Vos
t al. (2005) studied the crop responses to N shortage for potato and
aize on a single leaf basis under similar experimental conditions.
nder severely limiting to non-limiting N supply, in maize, the LUE
as reduced by 38%, whereas cumulative leaf area by only 30%. In

ontrast, for potato, the effect was a marginal reduction in LUE with
00–400% reduction in cumulative leaf area due to reduced rate of

eaf expansion. They argued that potato and maize showed con-
rasting strategies to deal with N limitation: potato adapted leaf
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

ize and avoided compromising on leaf N concentration and LUE
potato strategy), whereas maize maintained leaf area growth rate
t the expense of a decrease in N concentration per unit leaf area and
hus a decrease in LUE (maize strategy). However, Hasegawa and
orie (1996) in a similar study at the field level with rice, showed
sum; PHOTOPF, Photoperiod sensitivity factor; Ld , daylength; Sla , specific leaf area;
the effect of nitrogen stress on the reduction of LUE; RDRns, relative death rate of
information flows, respectively, and shaded state variables and auxiliary function

that the mean difference in LUE between non-fertilized to fertilized
treatments over the growing season was only 6% with a maximum
of 12% (during the mid-reproductive stage) and the mean differ-
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

Fig. 2. Biomass partitioning coefficients to roots (Pcrt), stems (Pcst), leaves (Pclv) and
storage organs (Pcso) as a function of development stage under optimal nitrogen
supply obtained by calibration.

dx.doi.org/10.1016/j.eja.2010.01.003
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Fig. 3. Relational diagram showing nitrogen uptake, translocation and nitrogen content of plant organs in the LINTUL3 model. Abbreviations used in the diagram: SOILN,
available N in soil; Nmax, lv, Nmax, st, Nmax, rt, Nmax, so: maximum nitrogen concentration in leaves, stems, roots and storage organs, respectively; Ndem, lv, Ndem, st, Ndem, rt, Ndem, so:
nitrogen demand of leaves, stems, roots and storage organs, respectively; (dNU/dt)lv, (dNU/dt)st, (dNU/dt)rt: rate of nitrogen uptake in leaves, stems and roots, respectively;
(dND/dt)lv, (dND/dt)rt, rate of nitrogen loss by death of leaves and roots, respectively; (dNT/dt)lv, (dNT/dt)st, (dNT/dt)rt: rate of nitrogen translocation from leaves, stems and
roots, respectively; RNFlv, RNFst, RNFrt: residual nitrogen concentration in leaves, stems and roots, respectively; ANlv, ANst, ANrt, ANso: amount of nitrogen in leaves, stems,
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oots and storage organs, respectively; NCact, pl, NCcrt, pl , NCres, pl: actual, critical and
eight of green leaves, stems, roots and storage organs, respectively; NNI, nitrogen n

espectively, and shaded state variables and auxiliary function NNI indicate that the

ffecting leaf expansion, leaf senescence, and the rate of photo-
ynthesis per unit area of leaves or LUE (for e.g.: CERES (Ritchie
nd Otter, 1985), SWHEAT (Van Keulen and Seligman, 1987), AFR-
WHEAT2 (Porter, 1993), Sirius (Jamieson et al., 1998) and ORYZA
Bouman et al., 2001). However, Jamieson and Semenov (2000)
ave demonstrated that the effect of N stress could be simplified
y confining the effect to only leaf area expansion. These results do
ot seem conclusive with respect to a definite mechanism of plant
ehaviour under N stress. In the current study, therefore, we test
he above two hypotheses of stress effects on LUE and/or leaf area
xpansion (LA), which eventually is used in the LINTUL3 model.

. Model description

The original version of LINTUL (Spitters, 1987) is a potential
rop growth model where the yield of storage organs is calcu-
ated by multiplying a harvest index (HI) by the total aboveground
iomass, that is simulated from intercepted light times LUE. In LIN-
UL1, the total biomass formed is partitioned into roots, stems,
eaves and storage organs (Spitters, 1990; Van Oijen, 1992). Water-
imited crop growth (LINTUL2) (Spitters and Schapendonk, 1990;
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

arré et al., 2000) includes soil water processes such as evapo-
ranspiration, drainage and runoff. The LINTUL3 model describes
itrogen demand and uptake by the crop in detail and the supply
f soil nitrogen in a more simplified form. The effect of crop nitro-
en deficiency is expressed via a growth reduction factor, called
ual nitrogen concentration, respectively in leaves and stems; Wlv, g , Wst, Wrt, Wso:
on index. Solid lines and dotted lines are indicating material and information flows,
linked to Fig. 1.

the nitrogen nutrition index (NNI), which reduces biomass pro-
duction, specific leaf area and biomass partitioning to leaves and
increases leaf senescence. The following section briefly describes
the processes comprised in the LINTUL3 model.

2.1. Crop phenology

Crop development, i.e. the order and rate of appearance of vege-
tative and reproductive organs, is defined in terms of phenological
developmental stage (DVS) as a function of heat sum, which is
the cumulative daily effective temperature. Daily effective tem-
perature is the average temperature above a crop-specific base
temperature (for rice 8 ◦C). Some rice varieties are photoperiod-
sensitive, i.e. flowering depends on the length of the light period
during the day in addition to the temperature during the vegeta-
tive stage. Earlier versions of LINTUL did not include the effect of
daylength on crop development. A new sub-routine has been added
in LINTUL3 to calculate the daylength, which affects crop devel-
opment. Normally, photoperiodic daylength exceeds astronomical
daylength (Wormer, 1954; Vergara and Chang, 1985). Photope-
riodic daylength (Ld) is calculated in the model as a function of
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

solar elevation (angle of sun above horizon), determined by latitude
and day of the year (Goudriaan and Van Laar, 1994). Photoperiod-
sensitivity of the rice crop, defined as a function of daylength is
included in the model by modifying the daily increment of the heat
sum.

dx.doi.org/10.1016/j.eja.2010.01.003
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.2. Light use efficiency and biomass production

Theoretical considerations and extensive experimentation
Monteith, 1977; Gallagher and Biscoe, 1978; Monteith, 1990) have
hown that biomass formed per unit intercepted light, LUE (Light
se Efficiency, g dry matter MJ−1), is relatively more stable. Hence,
aximum daily growth rate can be defined as the product of

ntercepted PAR (photosynthetically active radiation, MJ m−2 d−1)
nd LUE. Intercepted PAR depends on incident solar radiation,
he fraction that is photosynthetically active (0.5) (Monteith and
nsworth, 1990; Spitters, 1990), and LAI (m2 leaf m−2 soil) accord-

ng to Lambert–Beer’s law:

= 0.5Q0[1 − e(−k LAI)] (1)

here Q is intercepted PAR (MJ m−2 d−1), Q0 is daily global radiation
MJ m−2 d−1), and k is the attenuation coefficient for PAR in the
anopy.

.3. Biomass partitioning

Biomass formed at any time during crop growth is partitioned
mong its organs (Fig. 1), i.e. roots, stems, leaves and storage organs,
ith partitioning factors defined as a function of development stage

Fig. 2) (Drenth et al., 1994), which thus provides the rates of growth
f these organs:

dW

dt

)
i
= Pci

(
dW

dt

)
(2)

here (dW/dt) is the rate of biomass growth (g m−2 d−1); (dW/dt)i
nd Pci are the rate of growth (g m−2 d−1) of and the biomass par-
itioning factor to organ i (g organ-i g−1 biomass), respectively.

Leaf, stem and root weights of the seedlings at the time
f transplanting are input parameters for the model. The time
ourse of weights of these organs follows from integration of their
et growth rates, i.e. growth rates minus death rates, the lat-
er being defined as a function of physiological age, shading and
tress.

.4. Leaf area development

The time course of LAI is divided into two stages: an exponential
tage during the juvenile phase, where leaf area development is a
unction of temperature, and a linear stage where it depends on the
ncrease in leaf biomass (Spitters, 1990; Spitters and Schapendonk,
990). The death of leaves due to senescence that may be enhanced
y shading and/or stress leads to a corresponding loss in leaf area.
he specific leaf area is used for the conversion of dead leaf biomass
o corresponding loss in leaf area. The death of leaves due to senes-
ence occurs only after flowering and the rate depends on crop
ge (function adopted from ORYZA2000, Bouman et al., 2001).
he excessive growth of leaves also result in death of leaves due
o mutual shading. The death of leaves due to shading is deter-

ined by a maximum death rate and the relative proportion of
eaf area above the critical LAI (4.0) (Spitters, 1990; Spitters and
chapendonk, 1990). The net rate of change in leaf area (dLAI/dt) is
he difference between its growth rate and its death rate:

dLAI
dt

)
=

(
dGLAI

dt

)
−

(
dDLAI

dt

)
(3)

here (dGLAI/dt) is the leaf area growth rate and (dDLAI/dt) is the
eaf area death rate.
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

.5. Root growth

The root system is characterized by its vertical extension in the
oil profile. At emergence or at transplanting for transplanted rice,
Fig. 4. Effect of N stress (NNI) on crop growth through its effect on LA and LUE.

rooting depth is initialized. Roots elongate at a constant daily rate,
until flowering, provided soil water content is above permanent
wilting point (PWP), whereas growth ceases when soil is drier than
PWP or when a certain preset maximum rooting depth is reached
(Spitters and Schapendonk, 1990; Farré et al., 2000). However, in
rice in a flooded situation, soil will always be at saturation and,
therefore, the maximum rooting depth corresponds to the physi-
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

ological maximum, which is taken as 0.7 m (Table 3) based on the
values reported in the literature (Mishra et al., 1997; Kato et al.,
2007).

dx.doi.org/10.1016/j.eja.2010.01.003
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Fig. 5. Effect of N stress (NNI) on crop growth through its effect on L

.6. Soil water balance

The water balance in the model does not deal with a flooded rice
ystem, but the soil is maintained at saturation so that the crop does
ot experience water stress. The soil water balance is calculated for
single soil layer, whose thickness increases with downward root
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

longation. The model does not simulate root elongation, but only
verage root increase in depth. The assumption that the root elon-
ation does not depend on the dryness of the soil until wilting point
s originally from LINTUL1 (Spitters, 1990). In the rice situation, we
ave a saturated soil and the wilting point is not expected occur.
or on both LA and LUE for the case of IRRI92-DS under 0 kg N ha−1.

Water and nutrient uptake by the crop is limited to the rooted
soil depth. Addition of water to the available store through root
extension is calculated from the rate of extension and the (satu-
rated) water content (Spitters and Schapendonk, 1990; Farré et al.,
2000).
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

2.7. Soil–crop nitrogen balance

The mineral nitrogen balance of the soil is the difference
between nitrogen added through mineralization and/or fertilizer,
and nitrogen removed by crop uptake and losses. The net rate of

dx.doi.org/10.1016/j.eja.2010.01.003
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Table 1
Details of datasets used for calibration and testing of LINTUL3.

Data Variety Sowing date Transplanting date
(day of year)

N-fertilizer dose
(kg ha−1)

N-fertilizer splits (kg ha−1) N-application schedule

Calibration
IRRI91-WSa IR 72 1 July 1990 13 July (194) 0 0 No-N

80 50, 30 Basalb, 31 DAT
110 30, 30, 20, 30 Basal, 25, 60, 83 DAT

IRRI92-DSa IR 72 4 January 1992 16 January (16) 0 0 no-N
180 120, 60 Basal, 18 DAT
225 60, 60, 60, 45 Basal, 18 DAT, PI, FL

CRRI90-DS IR 36 18 December 1989 25 January (25) 0 0 no-N
50 25, 12.5, 12.5 Basal, 20, 53 DAT

100 50, 25, 25 Basal, 20, 53 DAT
150 75, 37.5, 37.5 Basal, 20, 53 DAT

Testing
IRRI92-WS IR 72 1 July 1992 14 July (195) 0 0 No-N

80 80 Basal
80 40, 40 Basal, MT
80 27, 27, 27 Basal, MT, PI

IRRI93-DS IR 72 14 January 1993 25 January (25) 0 0 No-N
100 14.3, 14.3, 14.3, 14.3, 14.3, 14.3, 14.3 Weekly interval
400 57.1, 57.1, 57.1, 57.1, 57.1, 57.1, 57.1 Weekly interval

CRRI92-DS IR 36 8 January 1992 28 January (28) 0 0 No-N
100 100 PI
100 100 13 DAT
200 100, 100 13 DAT, PI

S
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ources: Drenth et al. (1994), Dash et al. (1994), and Wopereis et al. (1994).
a WS: wet season; DS: dry season.
b Basal—at transplanting; PI: panicle initiation; FL: flowering; MT: maximum tille

hange of N in soil (dN/dt in g m−2 d−1) is:

dN
dt

)
soil

= Nmin + (QNferNRF) −
(

dNU
dt

)
(4)

here Nmin is the nitrogen supply through mineralization and bio-
ogical N fixation, QNfer is the fertilizer nitrogen application rate,
RF is the fertilizer nitrogen recovery fraction (see Section 2.8) and
NU/dt is the rate of nitrogen uptake by the crop (Fig. 3), which is
alculated as the minimum of the N supply from the soil and the N
emand from the crop (see section “nitrogen demand”).

.8. Nitrogen supply from soil

Mineral nitrogen available for crop uptake (SOILN, Fig. 3) orig-
nates from three sources: nitrogen present in the soil profile at
ermination/transplanting, nitrogen from biological fixation and
ineralization from soil organic matter during the growing sea-

on and nitrogen applied as fertilizer. Under aerobic conditions,
ndigenous soil nitrogen supply can be quantified reasonably accu-
ately on the basis of soil organic matter content (Sinclair and Amir,
992). Under anaerobic conditions, however, differences in min-
ral N supply between fields or seasons could not be explained on
he basis of soil organic carbon, total nitrogen or initial inorganic
itrogen (Cassman et al., 1996; Bouman et al., 2001). Hence, indige-
ous nitrogen supply is introduced as a site-specific exogenous

nput, rather than simulating nitrogen mineralization. Ten Berge
t al. (1997) found indigenous nitrogen supply values for tropical
oils in the range of 0.5–0.9 kg ha−1 d−1. Fertilizer nitrogen avail-
ble for plant uptake, taking into account possible losses due to
olatilization, denitrification, and leaching, is included in the model
s a variable fraction, named nitrogen recovery fraction, NRF. A low
recovery value in flooded rice systems (30–39%, Cassman et al.,
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

996) is mainly due to volatilization losses. Any form of inorganic
itrogen (NH4

+ or NO3
−) when available in free form, if not taken

p by the crop, is vulnerable to loss either through volatilization,
enitrification or leaching. On a daily basis, the average N recovery
alue would be more or less stable under flooded conditions. The
DAT: days after transplanting.

variable NRF used in the model represents the net recovery fraction
of applied fertilizer, which depends on soil type, development stage
of the crop, fertilizer type and time and mode of nitrogen applica-
tion (De Datta, 1986) is determined by calibration. The approach
of NRF instead of the mechanistic description was chosen in the
model in order to not divert the attention from the main objective
of the paper.

2.9. Nitrogen demand, uptake and stress

At sub-optimal nitrogen availability in the soil, nitrogen demand
of the crop cannot be satisfied, which leads to sub-optimal crop
nitrogen concentration. The crop nitrogen concentration below
which a crop experiences nitrogen stress is called the critical
nitrogen concentration. Nitrogen stress results in reduced rates of
biomass production and eventually in reduced yields. A detailed
description of crop nitrogen dynamics is given in Fig. 3. The rela-
tional diagram shows three reference points of N content in the
model, i.e. actual (NCact, pl), critical (NCcrt, pl) and residual (NCres, pl)
nitrogen content. Actual N content is the accumulated N above
residual (which forms part of the cell structure). The critical N con-
tent is the one corresponding to half of the maximum. Nitrogen
contents of these three reference points include those of leaves and
stems (see Fig. 3), whereas roots are not considered since N contents
of above-ground (green) parts are more important for photosynthe-
sis, because of their chlorophyll content. However, calculation of N
demand and N uptake also includes the belowground part.

2.10. Nitrogen demand

Total crop nitrogen demand equals the sum of the nitrogen
demands of its individual organs (excluding storage organs, for
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

which nitrogen demand is met by translocation from the other
organs, i.e. roots, stems and leaves) (Fig. 3). Nitrogen demand of the
individual organs is calculated as the difference between maximum
and actual organ nitrogen contents. The maximum nitrogen con-
tent is defined as a function of canopy development stage (Drenth

dx.doi.org/10.1016/j.eja.2010.01.003
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Table 2
Weather characteristics of different experimental sites during the growing period of the crop (transplanting to maturity) in the study.

Site/season Mean daily solar
radiation (MJ m−2)

Mean daily minimum
temperature (◦C)

Mean daily maximum
temperature (◦C)

Mean daily average
temperature (◦C)

Cumulative
precipitation (mm)

IRRI91-WS 14.6 24.2 30.8 27.5 810.0
IRRI92-DS 19.1 22.2 30.8 26.5 92.2
CRRI90-DS 19.4 20.0 32.2 26.1 42.4
IRRI92-WS 16.2 24.1 31.2 27.7 893.8
IRRI93-DS 21.5 22.1 29.9 26.0 20.3
CRRI92-DS 20.1 21.1 33.2 27.2 84.4

Fig. 6. Nitrogen nutrition index as a function of time and total aboveground biomass as a function of cumulative PAR for different treatments of different experiments used
for calibration (lines are simulated; symbols are observations; arrows indicate the time of flowering when N uptake also ceases).

dx.doi.org/10.1016/j.eja.2010.01.003
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Table 3
Parameters of the LINTUL3 model used for rice.

Parameter description Values Units

Crop-specific parameters
Light use efficiency, LUE 2.7–3.0 g MJ−1

Light attenuation coefficient, K 0.6 m2 m−2

Base temperature for crop development, Tb 8.0 ◦C
Maximum relative growth rate of leaf area index, RL 0.0085 (◦C d)−1

Specific leaf area constant, SlaC 0.020 m2 g−1

Residual N fraction in root, Nres, rt 0.002 g g−1

Residual N fraction in stem, Nres, st 0.0015 g g−1

Residual N fraction in leaves, Nres, lv 0.004 g g−1

Maximum N concentration of stem as fraction of that
of leaves, LSNR

0.50 g g−1

Maximum N concentration of root as fraction of that
of leaves, LRNR

0.37 g g−1

Maximum rooting depth, RDmax 0.7 m
Maximum rate of increase in rooting depth, RRDmax 0.010 m d−1

Maximum concentration of nitrogen in storage
organs, Nmax, so

0.0175 g g−1

Nitrogen translocation from roots to storage organs
as a fraction of total amount of nitrogen
translocated from leaves and stem to storage
organs, FNTRT

0.15 –

Time coefficient for N translocation, TCnt 10.0 d
Critical N, as a fraction of maximum N concentration,

FRNX
0.5 –

Relative death rate of leaf weight due to N stress,
RDRns

0.03 d−1

Coefficient of reduction of LUE under nitrogen
stress, ε

0.20 –
ARTICLEModel
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t al., 1994). Total N demand (TNdem: g m−2 d−1) of the crop is:

Ndem =
∑n

i=1

Nmax,i − ANi

�t
(5)

here Nmax,i is the maximum nitrogen concentration of organ i
g N g−1 biomass, with i referring to leaves, stems and roots), Wi is
he weight of organ i (g biomass m−2), and ANi is the actual nitrogen
ontent of organ i (g N m−2).

.11. Nitrogen uptake

Nitrogen uptake is determined by crop demand, indigenous soil
itrogen supply and fertilizer application. Nitrogen uptake pro-
esses like mass flow and diffusion are not explicitly simulated in
he model. Rather, N uptake by the crop is estimated via a sim-
le book keeping approach, similar to that in ORYZA (Bouman et
l., 2001). Nitrogen from indigenous sources is assumed to have a
igher (nearly 100%) recovery compared to applied fertilizers, as it

s the amount of N actually taken up by a crop under zero nitrogen
ertilizers. Therefore, in the model, it is assumed that the crop first
akes up nitrogen mineralized from indigenous organic matter, and
hen from fertilizer. Total nitrogen taken up by the crop (dNU/dt)
s partitioned (Fig. 3) among the different organs in proportion to
heir demands:

dNU
dt

)
i
=

(
Ndem,i

TNdem

)(
dNU
dt

)
(6)

here (dNU/dt)i, and Ndem, i are the rate of nitrogen uptake
g m−2 d−1) and nitrogen demand (g m−2 d−1) of organ i (i refers
o leaves, stems and roots), respectively.

About 75–90% of the total N uptake at harvest takes place before
nthesis (Austin et al., 1976; Spiertz and Ellen, 1978; Heitholt et al.,
990) and, in conditions of high soil fertility, post-anthesis N uptake
ay contribute up to 25% but would exclusively end up in the grain

s protein. Therefore, this nitrogen would not play any role in the
alculation of nitrogen stress that influences the biomass forma-
ion. Therefore, nitrogen uptake is assumed to cease at anthesis,
s nitrogen content in the vegetative parts hardly increases after
nthesis (Groot, 1987; Sinclair and Amir, 1992). Nitrogen demand
f the grains is also assumed to be met exclusively by transloca-
ion from leaves, stems, and roots as soon as grain formation starts.
ence, the rate of nitrogen accumulation in the storage organs is
etermined by their nitrogen demand calculated by the maximum

content and the actual N content and by the total amount of
ranslocatable nitrogen in the other crop organs. Total translocat-
ble nitrogen in the crop equals total nitrogen content of the organs,
inus their residual non-transferable nitrogen content, which is

he nitrogen incorporated in structural crop components. The net
ate of change of nitrogen (dN/dt)i in each of the organs ANi, where
refers to leaves, stem and roots, is:

dN
dt

)
i
=

(
dNU
dt

)
i
−

(
dNT
dt

)
i
−

(
dND
dt

)
i

(7)

here (dNU/dt)i, (dNT/dt)i and (dND/dt)i are the contributions of
itrogen uptake to the organ, translocation from the organ and

oss of nitrogen due to the death of the organ, respectively. It is
ssumed that the stem does not die and therefore (dND/dt)stem,
quals zero and the outflow rate is not included in the relational
iagram.
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

.12. Nitrogen stress

A crop is assumed to experience N stress at N concentrations
elow a critical value for unrestricted growth. To quantify crop
esponse to nitrogen shortage, a Nitrogen Nutrition Index (NNI) is
Variety-specific parameters
Heat sum for vegetative crop growth, Hsum, ant 1400–1800 ◦C d
Heat sum for reproductive crop growth, Hsum, mat 600–900 ◦C d

defined, ranging from 0 (maximum N shortage) to 1 (no N shortage)
(Lemaire et al., 1989; Van Delden, 2001):

NNI = actual crop [N] − residual [N]
critical [N] − residual [N]

(8)

Critical crop nitrogen concentration, the lower limit of canopy
nitrogen concentration in leaves and stems required for unre-
stricted growth, has been taken as half the maximum nitrogen
concentration (Porter, 1993; Jamieson et al., 1998). An experimen-
tal basis for such an assumption can be derived from the study
of Zhen and Leigh (1990), who reported that nitrate accumulation
in plant occurs in significant quantity when the N needs to reach
the maximum growth were fulfilled and the mean value of nitrate
accumulated beyond the critical N concentration was about 50% for
different stages.

2.13. Effects of nitrogen limitation on crop growth

To test the effect of N stress on LA and/or LUE, linear and
non-linear functions of NNI were used to be able to modify these
variables and to compare the total aboveground biomass with
observations. We used the data sets, which are also used for cal-
ibration of the model (IRRI92, IRRI91 and CRRI90). We used only
the treatments without any fertilizer application for the obvious
reason to see the clear effect of N stress. That means, this analy-
sis is based on a limited number (3) of data points. To investigate
the hypothesis that N stress had a linear effect on LA, biomass
partitioning to leaf and SLA are modified linearly with NNI. Leaf
biomass partitioning, SLA and LUE are reduced for the effect of N
stress on both LA and LUE. To investigate the hypothesis that N
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

stress had a non-linear effect, these variables were modified as an
exponential decay function (−ε e−(1−NNI)) of NNI. The exponential
decay function is to represent the canopy N profile distribution,
which is generally described as a negative exponential function
of cumulative LAI (Bindraban, 1999). Canopy N profile changes

dx.doi.org/10.1016/j.eja.2010.01.003
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zer treatments.

rom nearly uniform, during early growth stages, to strongly
on-uniform.

Fig. 4 shows an underestimation of biomass for a linear modifi-
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

ation on both LA and LUE (−23 to −41%) and on LUE alone (−25
o −36%). A linear effect on LA shows an overestimation (9–24%),
hich is relatively closer to the observed figures (Fig. 5). Similarly,

he non-linear effect of NNI only on LUE (−13 to −18%) is found
loser to the observed than on both LA and LUE (−15 to −29%).
 PRESS
omy xxx (2010) xxx–xxx 9

The non-linear effect only on LA has an overestimation of 12–35%
of biomass. This analysis leads us to assume that crops partially
follow both of these strategies of LUE and LAI reduction. There-
fore, we ran the model for a combination of linear and non-linear
effects of NNI on LA and LUE. The coefficient, ε of the exponential
function was determined by running the model for a range of ε
values (0–1). The best fit was found for a ε value in the range of
0.1–0.2 (Figs. 4 and 5). The results show that a linear effect of NNI
on LA and a non-linear effect of NNI on LUE better represent the
observed results. Therefore, in our model we used a combination
of both strategies to implement N stress on crop performance in
addition to the reduced biomass partitioning and accelerated leaf
senescence.

(i) Effect of NNI on partitioning factor of biomass to leaves (Pclv):

Pclv,ns = PclvNNI (9)

where Pclv and Pclv, ns are the fractions partitioned to leaves at opti-
mal and sub-optimal nitrogen status, respectively.

The amount of biomass growth not partitioned to the leaves due
to the N stress is distributed over the remaining plant parts.

(ii) Effect of NNI on leaf area: The effect of N stress on leaf area
development is implemented in the model during both the juvenile
growth phase and the linear growth phase. During the exponential
juvenile growth phase, leaf area development is described by(

dGLAI
dt

)
exp

= LAItRLTeNNI for DVS < 0.2 and LAI < 0.75 (10)

During the linear growth phase the following equation is used:(
dGLAI

dt

)
lin

=
(

dW

dt

)Sla

lv
for DVS ≥ 0.2 or LAI ≥ 0.75 (11)

Sla = SlaCSlaCfNNI for DVS ≥ 0.2 or LAI ≥ 0.7 (12)

where (dGLAI/dt)exp and (dGLAI/dt)lin are leaf area growth rates
(m2 leaf m−2 soil d−1) during the sink-limited and the source-
limited growth stages, respectively, LAIt is leaf area index at time
t, RL the maximum relative growth rate of LAI ((◦C d)−1); Te daily
effective temperature (◦C), Sla is the specific leaf area (m2 g−1), SlaC
is the specific leaf area constant and SlaCf is the correction factor
for SlaC, which is a function of crop age.

(iii) Effect on biomass growth: The rate of biomass growth is a
function of LUE, daily total radiation (Q0, MJ m−2 d−1), attenuation
coefficient (k, m2 m−2), LAI and N stress, and is calculated as(

dW

dt

)
= 0.5Q0

(
1 − e(−kLAI)

)
LUE e−ε(1−NNI) (13)

where ε is the coefficient of canopy N profile distribution.
(iv) Effect on leaf death: If leaf nitrogen concentration per unit leaf

area decreases, as nitrogen is translocated from the oldest leaves
at the bottom of the canopy to newly formed leaves or to grains,
leaves die. Loss of leaf weight (g m−2 d−1) due to nitrogen stress is
calculated as(

dW

dt

)
lv,ns

= Wlv,g RDRns(1 − NNI) (14)

where Wlv,g is the weight of green leaves and RDRns is the maximum
relative death rate of green leaves due to nitrogen stress.

Death of leaves due to nitrogen stress is added to normal senes-
cence due to ageing and represented by (dW/dt)lv,d (Fig. 1), and the
corresponding loss of total leaf area is calculated using Sla:(

dDLAI
dt

)
=

(
dW

dt

)
lv,d

Sla (15)
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

3. Model evaluation

The model was evaluated against data sets (Table 1) of exper-
iments conducted in Asia that also have been used for evaluation

dx.doi.org/10.1016/j.eja.2010.01.003
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RRI92-DS for different fertilizer treatments.

f the ORYZA group of models (Drenth et al., 1994; Bouman et al.,
007). The mean weather data of different sites during the growing
eason are given in Table 2. Model results are compared graphi-
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

ally to observed data and Root Mean Square Deviation (RMSD1)
nd Average Absolute Deviation (AAD) were calculated to evaluate
odel performance during calibration and model testing.2

1 RMSD =
[∑n

i=1
(Yi−Oi )

2

n

]0.5

; AAD (%) =

[
n∑

i=1

(
Abs(Yi−Oi )

Oi

)]
100

n where Yi and

i are simulated and observed values, respectively.
2 The term model testing instead of validation used here is based on the scientific

hilosophy of Popper that scientific theories can never be proved to be true, but can
nly be tested to falsify them.
and N concentrations (right figures) in green plant parts (leaves and stems) for

3.1. Calibration

Calibration, the process of adapting model parameters to
improve agreement between model results and reality (Van
Ittersum et al., 2003), is usually performed in a step-wise man-
ner, starting with the calibration of crop phenology, followed by
total biomass production, partitioning and leaf area index. Model
parameters (Table 3) were calibrated on the basis of datasets of
experiments conducted at the International Rice Research Insti-
tute (IRRI), Philippines and at the Central Rice Research Institute
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

(CRRI), India. The calibration was done manually by a trial-and-
error method by comparing the model results with the observed
results. The model was first calibrated for non-limiting nitro-
gen situations with the treatments 180 and 225 kg N ha−1 of the
dataset IRRI92-DS (dry season, DS) and subsequently for the

dx.doi.org/10.1016/j.eja.2010.01.003
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Table 4
Average absolute deviation (AAD) between observed and simulated values for total biomass, stems, roots, leaves, panicles, LAI, and N concentration for different datasets and
fertilizer treatments.

Data Nitrogen treatment (kg ha−1) Average absolute deviation (%) Average

Total aboveground
biomass

Stems Roots Leaves Panicles LAI Nitrogen
concentration

IRRI92-DSa 0 13 22 – 33 17 12 34 22
180 22 21 – 23 18 33 20 23
225 18 19 – 23 11 29 14 19
Average 18 21 27 15 25 23 21

IRRI91-WSa 0 13 25 – 11 8 16 15 15
80 29 32 – 30 13 32 15 25
110 37 51 – 32 17 31 9 29
Average 26 36 – 24 12 26 13 23

CRRI90-DS 0 9 26 55 19 17 – 55 30
50 14 27 28 48 18 – 41 29
100 13 32 17 39 29 – 26 26
150 16 32 19 36 41 – 24 28
Average 13 29 30 36 26 – 37 28

Testing
IRRI92-WS 0 6 19 – 22 9 12 67 22

80 21 28 – 22 21 24 54 28
80 21 24 – 20 33 45 48 32
80 17 15 – 19 38 39 49 29
Average 16 21 – 21 25 – 55 28

IRRI93-DS 0 32 39 – 24 42 28 – 33
100 62 38 – 60 103 90 – 71
400 28 29 – 23 61 23 – 33
Average 41 35 – 36 69 47 46

CRRI92-DS 0 28 27 49 30 80 – 43 43
100 40 47 44 47 68 – 30 46
100 18 24 37 28 78 – 25 35
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Average 31 3

a WS: wet season; DS: dry season.

itrogen-limited treatments of IRRI91-WS (wet season, WS) and
RRI90-DS.

Heat sums for each cultivar were calculated from observed dates
f flowering and maturity and from recorded weather data. For each
ata set, the model was initialized with observed weights of leaves,
tems and roots at transplanting. Light use efficiency values were
lso calibrated, because of variation in radiation and temperature
Table 2) as explained by Choudhury (2001a), resulting in values of
.0 (g dry matter MJ−1 PAR intercepted) for IR72 at IRRI and 2.7 for

R36 at CRRI. These values refer to total biomass, including roots,
nd are comparable to reported values of 2.4 (Kiniry et al., 1989;
itchell et al., 1998; Kiniry et al., 2001) and 2.0 (Choudhury, 2001b),

eferring to aboveground biomass alone. Assuming a varying root
o shoot ratio of 0.5–0.1 over the crop growing period, these exper-
mental values are equivalent to approximately 2.2–3.6 g MJ−1 for
otal biomass. In the following sections, however, we use above-
round biomass to compare with the observed values, as root
iomass values are not available for IRRI datasets.

Indigenous soil nitrogen supply, which depends on soil char-
cteristics such as texture and organic matter content, and on
anagement, was calibrated on the basis of the zero N-fertilizer

reatments, and was set to 0.05 g N m−2 d−1, for both IRRI and
RRI.

.2. Results of calibration
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

Simulated nitrogen nutrition index values for different treat-
ents in the experiments used for calibration show a clear response

o nitrogen application (Fig. 6). In the no-fertilizer treatments,
he fixed indigenous soil N supply is enough to support crop
rowth without stress up to 20–30 days after transplanting (before
36 39 78 – 17 42
41 36 76 – 29 41

active tillering). The nitrogen demand thereafter, during tillering,
can only be met by external sources of nitrogen. Split applica-
tion of N, as in the 180 and 225 kg ha−1 treatments in IRRI92-DS,
cover crop requirements until flowering. Therefore, the model-
calculated aboveground biomass for 180 kg N ha−1 is similar to that
for 225 kg N ha−1. In the wet season of IRRI91, the biomass formed
was lower than that in the DS of IRRI92. The main reason for a
low biomass would be the low incident radiation in the wet sea-
son (with a cumulative PAR of 712 MJ m−2 season−1 in contrast to
930 MJ m−2 season−1 in the dry season of IRRI92). The low incident
radiation (23% lower in WS compared to the DS) restricts growth
rates and consequently N demand of the crop. Because of a lower
growth rate, crop in the WS needs more time (56 DAT) to reach the
full canopy (LAI > 4.0) compared DS (47 DAT). This time lag in reach-
ing the peak LAI leads to ‘missing’ of some light being intercepted,
which further decreases the rate of biomass growth. Therefore,
high fertilizer application in the wet season may not result in yield
increase in proportion to that applied in a dry season. Application of
all of the 80 kg N well before flowering in case of 80 kg N ha−1 could
meet the nitrogen demand until flowering. However, only 60 kg N
applied during the same period in case of 110 kg N ha−1, resulted in
a small dip in NNI just before the 3rd application (Fig. 6). Results of
CRRI90-DS show the effect of N-dose on NNI and on biomass forma-
tion. Simulated NNI values show a clear effect of N dose and splits.
For the calibration results, the crop begins to experience N stress
20 DAT in the non-fertilized treatment. However, fertilizer applica-
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

tion at 20 DAT in other treatments supports crop growth without
N stress for some more days, depending upon the rate of fertilizer
application. For example, in the treatment with 150 kg N ha−1, the
‘dip’ in NNI begins 26 days after the second dose (37.5 kg ha−1) of
fertilizer application, whereas in the 50 kg N ha−1 treatment, this

dx.doi.org/10.1016/j.eja.2010.01.003
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ig. 9. Time course of the nitrogen nutrition index (NNI, left figures) and the rela
umulative PAR (right figures) for different treatments of different experiments use

ip starts after 12 days and declines more steeply than at 100 and
50 kg N ha−1. The steep increase in the later part of growth (about
5 DAT) is due to the 3rd split of N application at 53 DAT (Table 1).
owever, the total aboveground biomass yields were not differ-
nt for the different fertilizer doses. The high average daily total
adiation in CRRI (Table 2) led to a higher biomass production and
eaf area index (about 3) in the initial phase, which may have been
nough to fully utilize PAR. Therefore, the N stress in the later part of
he growing season (30–70 DAT), before anthesis does not strongly
ffect crop yield.
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

Calibrated time courses of aboveground biomass, leaf, stem and
rain weights for IRRI92-DS show good agreement with observed
alues, for a range of fertilizer application rates (Fig. 7). However LAI
as underestimated in the initial stage and slightly overestimated
uring the later part especially for fertilized treatments. Though
simulated, lines and observed, symbols) between total aboveground biomass and
model testing (arrows indicate the time of flowering when N uptake ceases).

N concentration followed the observed results under calibration,
they failed to reach the peak N concentration on 20 DAT for reasons
unknown. Other calibration experiments (not shown) gave similar
results. Nitrogen concentrations in the green plant parts (leaves
and stems) decrease with crop development for both the observed
and calibrated, even under optimal N supply, due to dilution as
biomass increases and due to translocation to the storage organs
(Fig. 8). In the calibration data set, agreement between observed
and simulated results was closest for IRRI92-DS with an AAD of 21%
(Table 4). Maximum deviation (29%) of model results compared to
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

the observations was found for CRRI90, especially for the situations
without N fertilizer (33%).

Aboveground biomass shows an average deviation of 19%,
whereas stem and leaf weights are relatively more scattered
compared to the observed for all datasets used in the calibra-

dx.doi.org/10.1016/j.eja.2010.01.003
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reatments.

ion (Table 5). In terms of absolute values, the model shows a
MSD of 92 and 88 g m−2 for total aboveground biomass and stem
eight, respectively. The values for leaves and storage organs

re 46 and 59 g m−2 and 0.8 (m2 leaf area m−2 soil) and 0.005
g N g−1 biomass) for LAI and N concentration, respectively. Since
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

alibration shows satisfactory agreement with the observations in
erms of biomass, LAI and N content under a range of fertilizer treat-

ents, the model was subsequently tested with independent data
ets.

able 5
oot mean square deviation (RMSD) and average absolute deviation (AAD, %)
etween observed and simulated values for phenology, biomass components, LAI
nd nitrogen concentration for the whole dataset used for calibration and testing.

Calibration Testing

RMSD AAD RMSD AAD

Aboveground biomass (g m−2 soil) 92 19 167 26
Weight of stems (g m−2 soil) 88 29 76 27
Weight of roots (g m−2 soil) 25 30 44 41
Weight of leaves (g m−2 soil) 46 29 65 31
Weight of storage organs (g m−2 soil) 59 19 90 43
LAI (m2 leaf m−2 soil) 0.8 26 1.2 39
N concentration (g N g−1 biomass) 0.005 25 0.009 39
ms and storage organs for data set IRRI92-WS in the testing for different fertilizer

3.3. Model testing

Independent data sets of experiments conducted in the wet sea-
son of 1992, and the dry seasons of 1993 at IRRI and of 1992 at CRRI,
for fertilizer nitrogen treatments ranging from 0 to 400 kg N ha−1

were used in model testing.

3.3.1. Results of model testing
Results of IRRI92-WS show the effect of split applications of a

given fertilizer dose (Table 1) on crop growth and yield (Fig. 9).
Observed results for a single application of 80 kg ha−1 as basal, a
40-40 application as basal and at tillering and a 27-27-27 applica-
tion as basal, at tillering and at panicle initiation show, contrary to
expectations, a marginally higher aboveground biomass as basal
compared to the three splits. This may depend on the climatic
characteristics of the season. A low incident radiation in the wet
season leads to a lower rate of biomass production and subsequent
N demand. A higher dose of N application as basal may lead to
higher N uptake, which can be stored for later growth (Shangguan
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

et al., 2004). The model results also show hardly any increase in
total aboveground biomass with split application compared to a
single basal application (Fig. 9). The single basal application of N
could meet 100% of the N demand up to 52 DAT and 77% till flow-
ering. Maximum nitrogen concentration in the model, which is

dx.doi.org/10.1016/j.eja.2010.01.003
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ouble the critical N concentration, may have led to luxury N uptake
y the crop. For IRRI93-DS, application of 400 kg N ha−1 in seven
plits resulted in higher biomass yield compared to 100 kg N ha−1
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

n seven splits. However, simulation results for the above two cases
o not show any increase in aboveground biomass in proportion
o N uptake (Fig. 9). Because, similar to IRRI92-WS, the NNI value
nder 100 kg N ha−1 remains 1 till 50 DAT and declines to only 0.88
y the time of flowering – which is hardly enough to make a differ-
ration in leaves (right figures) for the dataset IRRI92-WS in the testing for different

ence in biomass production in comparison to 400 kg N ha−1 – the
crop does not experience N stress throughout its growing period.
Model results for CRRI92-DS show an underestimation of total
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

aboveground biomass (Fig. 9). Aboveground biomass values for N
treatments of 100 kg ha−1 at 13 DAT and at PI do not show much
difference, whereas observed values clearly show a higher biomass
for application at PI, which is the most critical stage for nitrogen
application in rice. In all the above experiments, the biomass yields

dx.doi.org/10.1016/j.eja.2010.01.003
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ithout any fertilizer application are well simulated except for
RRI92-DS where the model underestimated the total aboveground
iomass.

Characteristic simulated time courses of aboveground biomass,
tems, leaves and storage organs, LAI and N concentration for
RRI92-WS are given in Figs. 10 and 11. Similar results were
btained for other experiments, but are not given here. Model
esults of biomass distribution and LAI correspond well with
bserved results for IRRI92-WS even though N concentration is
lightly underestimated in all treatments. In the model testing,
eviations for total aboveground biomass, stems, leaves and pani-
les are higher for IRRI93-DS and CRRI92-DS than for IRRI92-WS
Table 4). Estimated values of RMSD for aboveground biomass,
tems, roots, leaves and storage organs are 167, 76, 44, 65 and
0 g m−2, respectively (Table 5). In general, crop variables show
higher deviation in the testing than in the calibration set, as

xpected.

. Discussion and conclusions

The LUE based approach calculates the net photosynthesis rate
sing a single independent variable LUE and PAR intercepted by
he canopy. In principle, the value of LUE is determined by crop
enetic/varietal characters and the net photosynthetic rate is the
roduct of its interaction with the environment. In LINTUL3, the
alues of LUE were calibrated for different locations owing to
he difference in varieties and due to lack of an established rela-
ion between LUE and climatic (temperature and solar radiation)
haracteristics. Variations in LUE of IRRI and CRRI could be par-
ially explained on the basis of their weather characteristics. A
igher mean maximum temperature (32.7 ◦C) and a lower mean
inimum temperature (20.6 ◦C) in CRRI compared to IRRI (30.7

nd 23.2 ◦C, respectively) may be responsible for low light use
fficiency at CRRI (2.7 g MJ−1) compared to IRRI (3.0 g MJ−1). The
rowth of the rice crop is more affected by a low temperature
han by a high temperature (Vergara, 1976; Nishiyama, 1976).
n contrast, the mean daily solar radiation (MJ m−2 d−1) is higher
n CRRI (19.8) compared to IRRI (17.8). The quality of light also
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

nfluences the radiation use efficiency of the crops: it increases
ith an increase in the diffuse fraction (Choudhury, 2001b). Estab-

ishing dynamic relations between these variables and LUE will
elp to better understand the effect of these variables on crop
rowth.

able 6
he response of N fertilizer application on aboveground biomass and storage organs for d

Datasets N fertilizer applied (kg ha−1) Abovegrou

Simulated

Calibration
IRRI92-DS 180 39

225 32

IRRi91-WS 80 46
110 34

CRRI90-WS 50 56
100 38
150 30

Testing
IRRI92-WS 80 147

80 154
80 158

IRRI93-DS 100 82
400 24

CRRI92-DSS 100 37
100 34
200 22
 PRESS
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LINTUL3 combines the essential crop growth processes as
described in LINTUL1 and LINTUL2 with the major N processes
described in ORYZA 2000 (Bouman and Van Laar, 2006). The model
does not simulate the flooded conditions typical for the majority of
rice systems, but assumes the soil to be continuously saturated.
Soil N processes are not described in detail, but represented by
exogenously defined values for indigenous nitrogen supply and
fertilizer-N recovery that are site- and season-specific. Therefore,
soil moisture does not have a direct effect on nitrogen dynamics.
The nitrogen part of the model describes total N demand of the
crop, N supply from the soil and N stress. Nitrogen supply influ-
ences dry matter production and its partitioning within the crop
(Van Keulen and Stol, 1991; Lloyd and Taylor, 1994; Reynolds and
Chen, 1996; Bannayan et al., 2004). Sensitivity analysis of NNI for
the effect of N stress on leaf area and LUE shows that NNI mainly
affects leaf area and that its effect on LUE is relatively small (Fig. 4).
These results correspond to the reports of Garcia et al. (1988), Porter
(1993) and Jamieson et al. (1998), showing that moderate nitro-
gen stress will not affect LUE significantly, but rather the leaf area.
Reducing leaf area growth leads to thicker leaves and thus enables
the crop to maintain its nitrogen concentration per unit of leaf area.
The effect of N stress on LUE is found to be <20% (Fig. 4), which is
comparable to the field study of Hasegawa and Horie (1996) where
the mean difference in LUE between non-fertilized and fertilized
treatments over the growing season was only 6%. The mechanism
resulting in a smaller effect of stress on LUE was explained on the
basis of a non-uniform canopy N profile, which is analogous to
light attenuation within the canopy (Anten et al., 1995; Goudriaan,
1995).

Model performance in general agreed well with the obser-
vations. The model responded similarly to the observations in
response to fertilizer application, i.e. with higher biomass produc-
tion, LAI and N concentration. The response of the aboveground
biomass and weight of storage organs to N fertilizer application
(Mg biomass/kg N applied) as related to different treatments with
and without fertilizers under calibration and validation (Table 6)
show (i) that the simulated and observed ratios are close to each
other and (ii) that there is a wide range of values from 25 to 142
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

for above ground biomass and 14 to 73 for storage organs com-
pared to the simulated values of 22 to 158 and 11 to 94 Mg ha−1,
respectively. The wide range of values for even the same amount
of fertilizer application is due to the different timings of applica-
tion during the growing season. In all the experiments comprising

ifferent treatments under calibration and validation.

nd biomass (kg biomass/kg N) Storage organs (kg biomass/kg N)

Observed Simulated Observed

46 22 24
35 19 19

46 28 17
36 21 17

60 29 37
35 21 19
32 17 21

142 85 71
131 91 67
133 94 73

67 52 36
25 16 14

58 20 23
49 16 26
39 11 21

dx.doi.org/10.1016/j.eja.2010.01.003
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ertilized treatments, the response of biomass to changes in NNI,
ue to a variation in amount and time of N application, is less well
eproduced, even though the model responded well to the treat-
ents without fertilizer application. Simulated total aboveground

iomass was more accurate than weights of individual crop com-
onents. The model results show that the effect of N stress on dry
atter production is well simulated, whereas that on biomass par-

itioning needs to be further tested under diverse environmental
onditions to increase insight in the exact response of this crop
haracteristic to N stress.

To conclude, a simple model such as LINTUL, adapted with
oderately detailed nitrogen process descriptions, does satisfac-

orily describe the processes for nitrogen-limited growth of rice.
he advantage of such a model is that it combines the essential
rocesses of crop growth with simple soil processes to arrive at
easonable estimates of crop yield.

The modelling approach included in LINTUL3 allows the model
o be used for other crops with a minimum adaptation of the crop
arameters such as maximum, critical and minimum N concentra-
ions. However, the alternative effects of N stress on crop growth,
ither on LA and/or LUE, depending on the crop species (Vos and
an der Putten, 1998; Vos et al., 2005; Lemaire et al., 2008), has also

o be considered. In the present modelling set up of LINTUL3, both
hese effects can be accommodated depending on the crop response
o N stress. Therefore, the model may also be helpful to explore
he effect of N stress on crop growth for different crop species.

cknowledgements

We acknowledge the financial support of WOTRO in the fellow-
hip to the first author. We also acknowledge the SARP (Simulation
nd Systems Analysis for Rice Production) team, IRRI and Wagenin-
en University for permission to use their data in this simulation
tudy.

eferences

nten, N.P.R., Schieving, F., Werger, M.J.A., 1995. Patterns of light and nitrogen dis-
tribution in relation to whole canopy carbon gain in C3 and C4 mono- and
dicotyledonous species. Oecologia 101, 504–513.

ustin, R.B., Edrich, J.A., Ford, M.A., Blackwell, R.D., 1976. The nitrogen economy
of winter wheat. Annual Report of the Plant Breeding Institute. Cambridge,
Inglaterra, pp. 140–141.

annayan, M., Kobayashi, K., Kim, H.Y., Lieffering, M., Okada, M., Miura, S., 2004.
Modeling the interactive effects of atmospheric CO2 and N on rice growth and
yield. Field Crops Res. 93, 237–251.

indraban, P.S., 1999. Impact of canopy nitrogen profile in wheat on growth. Field
Crops Res. 63, 63–77.

ouman, B.A.M., Van Laar, H.H., 2006. Description and evaluation of the rice growth
model ORYZA2000 under nitrogen-limited conditions. Agric. Syst. 87, 249–273.

ouman, B.A.M., Humphreys, E., Tuong, T.P., Barker, R., 2007. Rice and Water. Adv.
Agron. 92, 187–237.

ouman, B.A.M., Kropff, M.J., Tuong, T.P., Wopereis, M.C.S., Ten Berge, H.F.M.,
Van Laar, H.H., 2001. ORYZA2000: Modeling Lowland Rice. International Rice
Research Institute, Los Baños, Philippines, and Wageningen University and
Research Centre, Wageningen, The Netherlands, 235 pp.

assman, K.G., Dobermann, A., Cruz, P.C.S., Gines, G.C., Samson, M.I., Descalsota, J.P.,
Alcantara, J.M., Dizon, M.A., Olk, D.C., 1996. Soil organic matter and the indige-
nous nitrogen supply of intensive irrigated rice systems in the tropics. Plant Soil
182, 267–278.

houdhury, B.J., 2001a. Estimating gross photosynthesis using satellite and ancillary
data: approach and preliminary results. Remote Sens. Environ. 75, 1–21.

houdhury, B.J., 2001b. Modeling radiation- and carbon-use efficiencies of maize,
sorghum, and rice. Agric. Forest Meteor. 106, 317–330.

ash, R.N., Rao, K.S., Nayak, S.K., 1994. Growth, yield and uptake of nitrogen by
irrigated rice as affected by timing of fertilizer application. In: Nitrogen Economy
of irrigated rice: field and simulation studies. SARP Research Proceedings, CABO-
TT, Wageningen, The Netherlands, pp. 1–13.
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

e Datta, S.K., 1986. Improving nitrogen fertilizer efficiency in lowland rice in trop-
ical Asia. Fertil. Res. 9, 171–186.

renth, H., Ten Berge, H.F.M., Riethoven, J.J.M., 1994. ORYZA simulation modules for
potential and nitrogen limited rice production. In: ORYZA simulation modules
for potential and nitrogen limited rice production. SARP Research Proceedings,
CABO-TT, Wageningen, The Netherlands, p. 223.
 PRESS
omy xxx (2010) xxx–xxx

Farré, I., Van Oijen, M., Leffelaar, P.A., Faci, J.M., 2000. Analysis of maize growth
for different irrigation strategies in northeastern Spain. Eur. J. Agron. 12,
225–238.

Gallagher, J.N., Biscoe, P.V., 1978. Radiation absorption, growth and yield of cereals.
J. Agric. Sci. 91, 47–60.

Garcia, R., Kanemasu, E.T., Blad, B.L., Bauer, A., Hatfield, J.L., Major, D.J., Reginato, R.J.,
Hubbard, K.G., 1988. Interception and use efficiency of light in winter wheat
under different nitrogen regimes. Agric. Forest Meteor. 44, 175–186.

Gastal, F., Lemaire, G., 2002. N uptake and distribution in crops: an agronomical and
ecophysiological perspective. J. Exp. Bot. 53, 789–799.

Goudriaan, J., 1995. Optimization of nitrogen distribution and of leaf area index for
maximum canopy assimilation rate. In: Thiyagarajan, T.M., ten Berge, H.F.M.,
Wopereis, M.C.S. (Eds.), Nitrogen management studies in irrigated rice. SARP
Research Proceedings, CABO-TT. Wageningen, The Netherlands, pp. 85–97.

Goudriaan, J., Van Laar, H.H., 1994. Modelling Potential Crop Growth Processes: Text-
book with Exercises. Kluwer Academic Publishers, Dordrecht, The Netherlands,
238 pp.

Green, C.F., 1987. Nitrogen nutrition and wheat growth in relation to absorbed solar
radiation. Agric. Forest Meteor. 41, 207–248.

Groot, J.J.R., 1987. Simulation of nitrogen balance in a system of winter wheat and
soil. Simulation Reports CABO-TT, No. 13. Wageningen, The Netherlands, 69 pp.

Habekotté, B., 1997. Description, parameterization and user guide of LINTUL-
BRASNAP 1.1. A crop growth model of winter oilseed rape (Brassica napus L.). In:
Quantitative Approaches in Systems Analysis No. 9. Wageningen Agricultural
University, Wageningen, The Netherlands, 40 pp.

Hasegawa, T., Horie, T., 1996. Leaf nitrogen, plant age and crop dry matter production
in rice. Field Crops Res. 47, 107–116.

Heitholt, J.J., Croy, L.I., Maness, N.O., Nguyen, H.T., 1990. Nitrogen partitioning in
genotypes of winter wheat differing in grain N concentration. Field Crops Res.
23, 133–144.

Jamieson, P.D., Semenov, M.A., 2000. Modelling nitrogen uptakes and redistribution
in wheat. Field Crops Res. 68, 21–29.

Jamieson, P.D., Semenov, M.A., Brooking, I.R., Francis, G.S., 1998. Sirius: a mechanistic
model of wheat response to environmental variation. Eur. J. Agron. 8, 161–179.

Jamieson, P.D., Berntsen, J., Ewert, F., Kimball, B.A., Olesen, J.E., Pinter Jr., P.J., Porter,
J.R., Semenov, M.A., 2000. Modelling CO2 effects on wheat with varying nitrogen
supplies. Agric. Ecosyst. Environ. 82, 27–37.

Kato, Y., Kamoshita, A., Yamagishi, J., Imoto, H., Abe, J., 2007. Growth of rice cultivars
under upland conditions with different levels of water supply 3. Root system
development, soil moisture change and plant water status. Plant Prod. Sci. 10,
1–13.

Kiniry, J.R., McCauley, G., Xie, Y., Arnold, J.G., 2001. Rice parameters describing crop
performance of four U.S. cultivars. Agron. J. 93, 1354–1361.

Kiniry, J.R., Jones, C.A., O’Toole, J.C., Blanchet, R., Cabelguenne, M., Spanel, D.A., 1989.
Radiation-use efficiency in biomass accumulation prior to grain filling for five
grain crop species. Field Crops Res. 20, 51–64.

Lemaire, G., Gastal, F., Salette, J., 1989. Analysis of the effect of nitrogen nutrition on
dry matter yield of a sward by reference to potential yield and optimum nitrogen
content. In: Proceedings of 16th International Grassland Congress, Nice, France,
October 4–11.

Lemaire, G., van Oosterom, E., Jeuffroy, M.-H., Gastal, F., Massignam, A., 2008. Crop
species present different qualitative types of response to N deficiency during
their vegetative growth. Field Crops Res. 105, 253–265.

Lloyd, J., Taylor, J.A., 1994. On the temperature dependence of soil respiration. Funct.
Ecol. 8, 315–323.

Mishra, H.S., Rathore, T.R., Pant, R.C., 1997. Root growth, water potential, and yield
of irrigated rice. Irrig. Sci. 17, 69–75.

Mitchell, P.L., Sheehy, J.E., Woodward, F.I., 1998. Potential yields and the efficiency of
radiation use in rice. IRRI Discussion Paper Series 32. IRRI, Los Baños, Philippines,
62 pp.

Monteith, J.L., 1977. Climate and the efficiency of crop production in Britain. Philos.
Trans. R. Soc. B: Biol. Sci. 281, 277–294.

Monteith, J.L., 1990. Conservative behaviour in the response of crops to water and
light. In: Rabbinge, R., Goudriaan, J., Van Keulen, H., Penning de Vries, F.W.T.,
Van Laar, H.H. (Eds.), Theoretical Production Ecology: Reflections and Prospects.
Pudoc, Wageningen, The Netherlands, pp. 3–16.

Monteith, J.L., Unsworth, M.H., 1990. Principles of Environmental Physics. Edward
Arnold, London, 291 pp.

Muchow, R.C., 1990. Effect of leaf nitrogen and water regime on the photosynthetic
capacity of kenaf (Hibiscus cannabinus L.) under field conditions. Aust. J. Agric.
Res. 41, 845–852.

Nishiyama, I., 1976. Effect of temperature on the vegetative growth of rice plants. In:
Proceedings of Symposium on Rice and Climate. IRRI, Los Baños, pp. 159–185.

Novoa, R., Loomis, R.S., 1981. Nitrogen and plant production. Plant Soil 58, 177–
204.

Porter, J.R., 1993. AFRCWHEAT2: a model of the growth and development of wheat
incorporating responses to water and nitrogen. Eur. J. Agron. 2, 69–82.

Reynolds, J., Chen, J., 1996. Modelling whole-plant allocation in relation to carbon
and nitrogen supply: coordination versus optimization: opinion. Plant Soil 185,
65–74.
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

Ritchie, J.T., Otter, S., 1985. Description and performance of CERES-Wheat: a user
oriented wheat yield model. United States Department of Agriculture, ARS 38,
159–175.

Schapendonk, A.H.C.M., Stol, W., Van Kraalingen, D.W.G., Bouman, B.A.M., 1998. LIN-
GRA, a sink/source model to simulate grassland productivity in Europe. Eur. J.
Agron. 9, 87–100.

dx.doi.org/10.1016/j.eja.2010.01.003


 ING

E

. Agron

S

S

S

S

S

S

S

T

V

V

V

ARTICLEModel

URAGR-24906; No. of Pages 17

M.E. Shibu et al. / Europ. J

hangguan, Z.P., Shao, M.A., Ren, S.J., Zhang, L.M., Xue, Q., 2004. Effect of nitrogen on
root and shoot relations and gas exchange in winter wheat. Bot. Bull. Acad. Sin.
45, 49–54.

inclair, T.R., Horie, T., 1989. Leaf nitrogen, photosynthesis, and crop radiation use
efficiency: a review. Crop Sci. 29, 90–98.

inclair, T.R., Amir, J., 1992. A model to assess nitrogen limitations on the growth
and yield of spring wheat. Field Crops Res. 30, 63–78.

piertz, J.H.J., Ellen, J., 1978. Effects of nitrogen on crop development and grain
growth of winter wheat in relation to assimilation and utilization of assimilates
and nutrients. Neth. J. Agric. Sci. 26, 210–231.

pitters, C.J.T., 1987. An analysis of variation in yield among potato cultivars in terms
of light absorption, light utilization and dry matter partitioning. Acta Hort. 214,
71–84.

pitters, C.J.T., 1990. Crop growth models: their usefulness and limitations. Acta
Hort. 267, 349–368.

pitters, C.J.T., Schapendonk, A.H.C.M., 1990. Evaluation of breeding strategies for
drought tolerance in potato by means of crop growth simulation. Plant Soil 123,
193–203.

en Berge, H.F.M., Thiyagarajan, T.M., Shi, Q., Wopereis, M.C.S., Drenth, H., Jansen,
M.J.W., 1997. Numerical optimization of nitrogen application to rice. Part I.
Description of MANAGE-N. Field Crops Res. 51, 29–42.

an Delden, A., 2001. Yielding ability and weed suppression of potato and wheat
under organic nitrogen management. Ph.D. Thesis. Wageningen Agricultural
University, Wageningen, The Netherlands, 197 pp.
Please cite this article in press as: Shibu, M.E., et al., LINTUL3, a simulation m
(2010), doi:10.1016/j.eja.2010.01.003

an Ittersum, M.K., Leffelaar, P.A., Van Keulen, H., Kropff, M.J., Bastiaans, L., Goudri-
aan, J., 2003. On approaches and applications of the Wageningen crop models.
Eur. J. Agron. 18, 201–234.

an Keulen, H., Seligman, N.G., 1987. Simulation of water use, nitrogen nutrition and
growth of a spring wheat crop. In: Simulation Monographs. Pudoc, Wageningen,
310 pp.
 PRESS
omy xxx (2010) xxx–xxx 17

Van Keulen, H., Stol, W., 1991. Quantitative aspects of nitrogen in crops. Fertil. Res.
27, 151–160.

Van Keulen, H., Goudriaan, J., Seligman, N.G., 1988. Modelling the effects of nitrogen
on canopy development and crop growth. In: Russel, G., Marshall, B., Jarvis, P.G.
(Eds.), Plant Canopies: Their Growth, Form and Function. Cambridge University
Press, Cambridge, UK, pp. 83–104.

Van Oijen, M., 1992. Evaluation of breeding strategies for resistance and tolerance
to late blight in potato by means of simulation. Neth. J. Plant Pathol. 98, 3–11.

Vergara, B.S., 1976. Physiological and morphological adaptability of rice varieties to
climate. In: Proceedings of Symposium on Rice and Climate. IRRI, Los Baños, pp.
67–86.

Vergara, B.S., Chang, T.T., 1985. The Flowering Response of the Rice Plant to
Photoperiod—A Review of the Literature. International Rice Research Institute,
Los Baños, Philippines, 61 pp.

Vos, J., Van der Putten, P.E.L., 1998. Effect of nitrogen supply on leaf growth, leaf
nitrogen economy and photosynthetic capacity in potato. Field Crops Res. 59,
63–72.

Vos, J., Van der Putten, P.E.L., Birch, C.J., 2005. Effect of nitrogen supply on leaf appear-
ance, leaf growth, leaf nitrogen economy and photosynthetic capacity in maize.
Field Crops Res. 93, 64–73.

Wopereis, M.C.S., Ten Berge, H.F.M., Maligaya, A.R., Kropff, M.J., Aquino, S.T., Kirk,
G.J.D., 1994. Nitrogen economy of irrigated rice: field and simulation studies.
In: SARP Research Proceedings CABO-TT, Wageningen, The Netherlands, pp.
108–129.
odel for nitrogen-limited situations: Application to rice. Eur. J. Agron.

Wormer, T.M., 1954. The influence of light intensity on the photoperiodical
behaviour of the rice plant. Neth. J. Agric. Sci. 2, 48–49.

Zhen, R.G., Leigh, R.A., 1990. Nitrate accumulation by wheat (Triticum aestivum) in
relation to growth and tissue N concentrations. In: van Beusichem, M.L. (Ed.),
Plant Nutrition—Physiology and Applications. Kluwer Academic Publishers, pp.
17–20.

dx.doi.org/10.1016/j.eja.2010.01.003

	LINTUL3, a simulation model for nitrogen-limited situations: Application to rice
	Introduction
	Model description
	Crop phenology
	Light use efficiency and biomass production
	Biomass partitioning
	Leaf area development
	Root growth
	Soil water balance
	Soil–crop nitrogen balance
	Nitrogen supply from soil
	Nitrogen demand, uptake and stress
	Nitrogen demand
	Nitrogen uptake
	Nitrogen stress
	Effects of nitrogen limitation on crop growth

	Model evaluation
	Calibration
	Results of calibration
	Model testing
	Results of model testing


	Discussion and conclusions
	Acknowledgements
	References


