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Abstract

Plant nitrogen (N) links with many physiological progresses of crop growth and yield forma-
tion. Accurate simulation is key to predict crop growth and yield correctly. The aim of the
current study was to improve the estimation of N uptake and translocation processes in the
whole rice plant as well as within plant organs in the RiceGrow model by using plant and
organ maximum, critical and minimum N dilution curves. The maximum and critical N
(Nc) demand (obtained from the maximum and critical curves) of shoot and root and Nc
demand of organs (leaf, stem and panicle) are calculated by N concentration and biomass.
Nitrogen distribution among organs is computed differently pre- and post-anthesis. Pre-
anthesis distribution is determined by maximum N demand with no priority among organs.
In post-anthesis distribution, panicle demands are met first and then the remaining N is allo-
cated to other organs without priority. The amount of plant N uptake depends on plant N
demand and N supplied by the soil. Calibration and validation of the established model
were performed on field experiments conducted in China and the Philippines with varied
N rates and N split applications; results showed that this improved model can simulate the
processes of N uptake and translocation well.

Introduction

Rice (Oryza sativa L.) is one of the major food crops in the world and more than half of the
world’s inhabitants rely on it as their staple food. Nitrogen (N) is one of the most important
nutrients for rice growth, development and yield. However, excessive N application to rice
causes environmental pollution, reduces N use efficiency, increases the cost of farming and
increases rice susceptibility to lodging and diseases (Ju et al., 2009; Peng et al., 2011; Zhang
et al., 2016). Evaluating plant N content and accumulation are key issues for analysing, mon-
itoring and managing crop systems (Naylor and Stephen, 1993; Senanayake et al., 1996;
Jaggard et al., 2009). A reliable estimate of crop N requirement allows the optimization of
N management to improve both rice production and N use efficiency, thereby reducing
impacts on the environment (Ghosh et al., 2004). For these reasons, different technologies
supporting N management have been developed. Plant-based analytical techniques such as
chlorophyll metres and remote sensing have been developed to assess N deficiencies in
crops and can be used for N management to attain high profitability and sustainability in
crop production based on the dynamics of critical plant N.

The critical N (Nc) dilution curve is a plant-based analytical technique that diagnoses plant
N status by Nc concentration, i.e. Nc is the minimum N concentration required for maximum
crop growth. Nitrogen nutrition index (NNI) and accumulated N deficit were developed to
assess crop N status based on the concept of Nc (Justes et al., 1994; Ata-Ul-Karim et al.,
2013). This approach has also been widely used in crop models (Godwin and Jones, 1991;
Gayler et al., 2002; Jones et al., 2003; Bouman and Van Laar, 2006; Zhao ef al., 2014b) due
to its flexibility, successful application to different spatial scales and suitability for scenario
analysis. Existing rice models also adopt this approach widely. The Nc curves in these models
are expressed as a function of phasic development (Singh et al., 1993; Hasegawa and Horie,
1997; Yin and van Laar, 2005; Bouman and Van Laar, 2006; Fumoto et al., 2008) and dilution
law (Brisson et al., 1998; Tang et al., 2009). Most of the Nc curves in the existing crop models
were established more than 20 years ago, so new Nc curves from recent studies should be
applied in crop models for different varieties and climatic areas.

Plant N demand and uptake would be under-estimated when Nc is used to calculate N
demand of the plant under the conditions of high-N supply. This under-estimation is due
to the excessive uptake of N by plants at high-N fertilization conditions. After a plant reaches
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Fig. 1. Structural framework of plant N uptake and translocation.

its N¢, N uptake will continue up to the maximum plant N con-
centration (Nmax) (Justes et al., 1994; Ata-Ul-Karim, et al., 2013).
The Nmax is a determinant in the estimation of maximum N
accumulation capacity of shoots (Lemaire and Gastal, 1997;
Zhao et al., 2014b) and can be considered as the estimate of a
maximum N dilution curve (i.e. a curve corresponding to the
maximum N uptake). Plant growth rate is not limited by N
when plant N is between Nc and Nmax, because no significant
difference is observed between the corresponding dry matter
(Justes et al., 1994; Ata-Ul-Karim, et al, 2013). This value
could be introduced to calculate the maximum N demand of
the plant. This process is not simulated in the existing rice models
that use the concept of the Nc curve (also called optimal or max-
imum curve in some models), such as ORYZA2000 (Bouman and
Van Laar, 2006), CERES-rice (Godwin and Singh, 1998) and H/H
(Hasegawa and Horie, 1997). It is also important to simulate N
status of individual plant organs, especially leaves and panicles
(grains), as leaf N is highly responsive to N fertilization and
grain N is the key index of protein content. Plant luxury N uptake
affects the distribution of N among different plant organs, thus N
accumulation and translocation among organs should be esti-
mated under the circumstance of luxury N uptake. The N dilution
curves for specific plant organs (e.g. leaves and stems) could be
used to quantify the amount of N that flows to the corresponding
organ (Ata-Ul-Karim, et al, 2014; Yao et al., 20144, b; Zhao et al.,
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2014a). Application of Nc, Nmax and Nmin curves of shoots and
organs to a rice model could be a better alternative way to simu-
late N uptake in rice and improve prediction accuracy of those
rice models which simulate N dynamics based only on Nc curves.
It is also of benefit for understanding N accumulation and trans-
location within plants during vegetative and reproductive growth
periods in rice.

RiceGrow is an eco-physiological process-based simulation
model for rice growth and was developed by quantifying the fun-
damental growth processes and their response to environmental
factors, genotypic parameters and management practices (Tang
et al., 2009). It has been evaluated and applied in different eco-
logical conditions and future scenarios (Liu et al., 2012, 2013;
Li et al., 2015; Hasegawa et al., 2017). However, RiceGrow pres-
ently simulates the plant N demand based only on the shoot Nc
curve and only shoot N is simulated: no organ N dynamics within
the plant are simulated. The current study aims to develop a new
process-based sub-model within RiceGrow (Tang et al., 2009) for
simulating plant N uptake and distribution based on N¢, Nmax
and Nmin curves (Ata-Ul-Karim et al.,, 2013, 2014; Yao et al,
2014a). The specific objectives are: (1) to quantify N luxury
uptake of rice plant when N supply from soil and fertilization is
at a high level; and (2) to simulate the dynamics of N uptake
and translocation in the whole rice plant and individual organs
in the RiceGrow model.
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Table 1. Description of variables Table 2. Equations in plant N sub-model of RiceGrow
Symbol Unit Description Sub-model Equation No.
ANup kg/ha Actual N uptake of plant Plant N demand and mnd; = DM; x Nmax;-Naccu; (1)
uptake
ANupO kg/ha Actu.al N uptake of an organ (leaves, stems and P MND — 22: mnd; (2)
panicles) i=1
ANupP kg/ha Actual N uptake of panicles cnd; = DM; x N¢;-Naccu; 3)
ATRAN kg/ha Actual N translocation to panicle from other CND = 22: cnd; (4)
organs i=1
CND kg/ha Plant Nc demand Sithay= DAGH AN, — ey )
. _ [ MNDSoilSup > MND (6)
CNDP kg/ha Nc demand of panicles ANup = {SoilSupSoilSup <— MND
cnd kg/ha Nc demand of shoot or root Organ N NR = ANup/CND @
cndo kg/ha Nc demand of organs (leaves, stems and accumulation and o )
& panicles) & translocation during Ailuply = @ndle e ®)
pre-anthesis 4 9)
DM kg/ha Dry matter NR = NaccuQ;/ X; NaccuOQ;
=
MND kg/ha Plant maximum N demand ANupO;=ANup x NR (10)
mnd kg/ha Maximum N demand of shoot or root NR = (ANup — CNDP)/CND (11)
Naccu kg/ha Actual N accumulation of shoot or root ANupO; = cndo; x NR (12)
NaccuO kg/ha Actual N accumulation of organs (leaves, stems ANupP = CNDP x (NR + 1) (13)
and panicles) B )
_ _ . 14
Nc g/g Plant or organ Nc concentration NR = (ANup CNDP)/; NaccuO;
Nmax g/g Plant maximum N concentration ANupO; = NaccuO; x NR (15)
NminO g/g Organ (leaves, stems) minimum N ANupP = CNDP + NaccuP x NR (16)
concentration Organ N PTRAN, = NaccuO,-DM; x NminO, )
NR N uptake ratio accumulation and 3 -
translocation during TR = (CNDP — ANup)/ >~ PTRAN, (18)
PTRAN kg/ha Potential N translocation to panicle from other post-anthesis k=1
organs ATRAN, = PTRAN, x TR (19)
SoilSu kg/ha N supply by soil 3
P E PPy By ANUpP = ANup + . ATRAN (20)
TR N translocation ratio k=1
; Root or shoot NaccuO, = NaccuO, — ATRAN, (21)
j Different organs (root, panicle, leaf, stem)
k Different organs (root, leaf, stem)

Materials and methods
Model description

Overview of the RiceGrow model

RiceGrow was developed by analysing and integrating the rela-
tionships among rice growth, development and environment con-
ditions (Tang et al., 2009). The model contains seven sub-models:
phenology, morphology and organ formation, photosynthesis and
biomass accumulation, biomass partitioning, yield and grain qual-
ity formation, water, and N balance. In general, RiceGrow simu-
lates the observed phenology, biomass and yield as interactive
effects of rice cultivar, climate and management factors (cultivar,
fertilizer, irrigation) (Liu et al, 2012, 2013). The model has been
evaluated under different conditions and compared with the exist-
ing rice models in the Agricultural Model Inter-comparison and
Improvement Project (AgMIP) (Li et al., 2015; Hasegawa et al.,
2017). Soil N is divided into different sub-pools based on their
present forms and availability. Soil N balance includes the pro-
cesses of soil organic matter mineralization and immobilization,
the decay of crop residues, fertilization, nitrification and denitrifi-
cation, leaching and plant uptake (Ye et al, 2007). Algorithms
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were developed on the processes of transformation between the
sub-pools, movement with soil water, root uptake and plant dis-
tribution. Plant N demand is presently calculated based on the
Nc dilution curve (Ata-Ul-Karim, et al., 2013). If plant N is higher
than N, the plant does not take up N; if shoot N is lower than
Nc, plant N uptake is equal to the minimum between plant N
demand based on the Nc dilution curve and N supplied by the
soil. The N factor is quantified by NNI as calculated by the
ratio of actual N content to Nc.

General description of the new plant nitrogen sub-model

The current study focuses on improving simulation accuracy and
optimizing plant N uptake and distribution processes in the
RiceGrow model. The three sub-routines of the model simulate
N demand, N uptake and N distribution and translocation within
rice plant. Firstly, the maximum and Nc demand (obtained from
the Nmax and Nc curves) of shoot and root and Nc¢ demand of
organs (leaf, stem and panicle) are calculated from N concentra-
tion, biomass and N accumulation. Secondly, the amount of
plant N uptake depends on plant N demand and N supply from
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Table 3. Field experiment information

L. Tang et al.

Experiment Transplanting N rate Fertilizer N splits Soil characteristic
Variety no., year Location and maturity date (kg/ha) (kg/ha) (0-20 cm)
Calibration
data
WXJ14 2011 Yizheng, China 20 July 0 0 Soil type = Ultisol
(32°19'N, 119°18'E) 17 October 200 90, 55, 55 Total N=1.3 g/kg
200 120, 40, 40 Soil pH=6.4
300 135, 82.5, 82.5 OM=15.5 g/kg
300 180, 60, 60
2012 Rugao, China 20 July 0 0 Soil type = Ultisol
(32°27'N, 120°76'E) 16 October 170 85, 17, 34, 34 Total N=1.76 g/kg
270 135, 27, 54, 54 Soil pH=6.8
370 185, 37, 74, 74 OM=25.1 g/kg
IR72 1991 IRRI, Philippines 13 July 0 0 Total N=0.44 g/kg
(14°11'N, 121°15'E) 28 October 80 40, 40 Soil pH=6.4
110 40, 40, 30 OM=7.13 g/kg
Validation
data
WXJ14 2013 Rugao, China 20 July 0 0 Soil type = Ultisol
(32°27'N, 120°76'E) 13 October 75 37.5, 7.5, 15, 15 Total N=1.85 g/kg
150 75, 15, 30, 30 Soil pH=6.7
225 112.5, 22.5, 45, 45 OM=25.5 g/kg
300 150, 30, 60, 60
375 187.5, 37.5, 75, 75
IR72 1992 IRRI, Philippines 14 July 30 30 Total N=0.44 g/kg
(14°11'N, 121°15'F) 30 October 110 80, 30 Soil pH=6.4
110 40, 40, 30 OM=7.13 g/kg
110 27, 27, 27, 30
0 0
80 80
80 40, 40
80 27, 27, 27

the soil, which is calculated in the soil N balance sub-model of
RiceGrow. Finally, N distribution among organs is computed dif-
ferently pre- and post-anthesis. Pre-anthesis distribution is deter-
mined by maximum N demand with no priority among organs.
In post-anthesis distribution, the panicle demands are met first
and then the remaining N is allocated to other organs without pri-
ority. The entire framework of the model is shown in Fig. 1 and the
algorithms and variables are presented in Tables 1 and 2.

Plant nitrogen demand

The model firstly calculates the maximum N accumulation
demand of the plant. The maximum N curve (Nmax, g/g) is an
estimate of the maximum N accumulation capacity of shoot
and root, regulated by mechanisms associated with growth either
directly or indirectly via N metabolism (Eqns (1) and (2))
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(Ata-Ul-Karim et al., 2013). The Nmax of root equals 35% of
leaf Nmax, based on data from multiple experiments. After
plant N concentration reaches N, rice plants continue to incorp-
orate N until Nmax is reached, if the soil has enough available
N. Nc is used to calculate the Nc demand of the whole plant
(CND, kg/ha) (Eqns (3) and (4)). The Nc of the root is estimated
from experimental data as 35% of leaf Nc. Nc demands of organs
also calculated (CNDP, kg/ha) by using Nc dilution curves of leaf
(Yao et al., 2014a) stem (Ata-Ul-Karim, et al., 2014) and panicles
(Jones et al., 1986) (Eqn (5)).

Nitrogen uptake

Actual plant N uptake (ANup, kg/ha) is the minimum between N
supply in the soil (SoilSup) and maximum N demand of the plant
(MND, kg/ha). When plant N concentrations are between Nmax
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and Nc, N uptake is determined by mineral N availability in soil
and is independent of plant growth rate. If plant N concentrations
are below the Nc dilution curve, N uptake is only limited by min-
eral N availability in soil and determines growth rate (Eqn (6)).

Nitrogen distribution and translocation

Nitrogen distribution and translocation are calculated using dif-
ferent approaches pre-anthesis and post-anthesis. Before anthesis,
if ANup < CND, the amount of N flowing to leaves, stems, pani-
cles and roots (ANupO, kg/ha) is determined by the ratio of
ANup to CND (Eqns (7) and (8)). If ANup > CND, ANupO is
determined by the ratio of actual organ N accumulation
(NaccuO) to total plant N (Eqns (9) and (10)). After anthesis, if
N uptake from soil could meet panicle demand but not the
whole plant Nc demand, e.g. CNDP < ANup < CND, N allocation
firstly meets panicle demand and any remaining is allocated pro-
portionally to the other organs according to the N demand of
those organs (Eqns (11) to (13)). If CNDP < CND < ANup, N
allocation meets panicle demand and the remainder is allocated
proportionally to different organs (including panicles) according
to the N accumulation of those organs (Eqns (14) to (16)). If N
uptake from the soil cannot meet panicle demand, then N
reserved in other organs is translocated to the panicle. Potential
N transported (PTRAN, kg/ha) from leaves, stems and roots is
calculated by the minimum N (NminO) (Eqn (17)), and a trans-
location ratio (TR, TR < 1) is introduced to calculate the actual N
translocation (ATRAN) from leaves, stems, and roots (Eqns (18)
and (19)). Then the amount of N flowing to panicles (ANupP, kg/
ha) is calculated as the sum of ANup and the actual N transloca-
tion (ATRAN) from leaves, stems and roots (Eqn (20)). Actual N
accumulation of different organs (NaccuO) is calculated by the
ATRAN; subtracted from NaccuO; (Eqn (21)).

Experimental design

Five field experiments were conducted in Jiangsu province of
eastern China and at the International Rice Research Institute
(IRRI), Los Bafos, Philippines with N rates ranging from 0 to
375 kg N/ha with various splits using urea fertilizer. Details of
the experiments are shown in Table 3. Cultivars grown included
Japonica rice inbred Wuxiangjingl4 (WXJ14) in China and
Indica inbred IR72 in the Philippines. Nitrogen application was
spilt into basal and three top-dressings (approximately at growth
stages [GS] 21, 30 and 40 according to Zadoks et al. (1974),
Table 3). There were four replicates in the Philippines and three
in China. Soil at 0-20 cm depth was sampled before transplant-
ing. In the Philippines, 12-day-old seedlings were transplanted at
five seedlings per hill and 25 hills/m®. Crop samples were taken
during the growth period from each treatment to determine bio-
mass of stems, green leaves and panicles and leaf N concentra-
tion. In China, seedlings of about 30 days old were
transplanted at two seedlings per hill and 22.2 hills/m*
Weeds, insects and diseases were controlled intensively by pes-
ticides when required. Crop samples were taken during the
growth period to determine biomass and N concentration of
stems, green leaves and panicles.

Model input

Daily weather data needed as input for the model included pre-
cipitation, daily maximum and minimum temperature, and
daily radiation or hours of sunshine. Also required were soil
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Table 4. Model genetic parameters

WXJ14 IR72
Variety parameter® (China) (Philippines)
Intrinsic earliness 0.175 0.168
Photoperiod sensitivity (x107%) 6.5 15
Temperature sensitivity 1.3 0.455
Optimum growth temperature for rice (°C) 27.18 27.18
Relative growth rate of LAI (x1073°C/d) 6.5 6.5
Potential partitioning index for panicle 0.54 0.49
Maximum carbon dioxide assimilation rate 46 43
(kg CH,0/ha)
Potential rate of N uptake per unit length 7.06 10.55

(x107%) (kg/(ha cm))

LAl, leaf area index; CH,0, formaldehyde.
See Tang et al. (2009) for the explanation of variety parameters.

properties at different soil layers (cm) before transplanting includ-
ing dry soil bulk density (g/cm”), initial soil moisture content (g/
g), field moisture capacity content (g/g), soil saturated moisture
content (g/g), soil wilting moisture content (g/g), soil organic
matter (g/kg), N concentration (g/kg) and ammonium and nitrate
N content (mg/kg). Water and N management practices such as
daily irrigated water amount, N fertilization rate and application
time were also required to run the model.

Data analysis

Model evaluation

The model was run using the actual N regimes, sowing dates,
transplanting dates, plant densities, soil data and daily weather
data. Model calibration was done manually by adjusting input
parameters to minimize the difference between simulated and
observed plant biomass, and N accumulation in the shoot, leaf,
stem and panicle during whole growth period. For variety
WXJ14, data used to calibrate the model came from two experi-
ments conducted in China in 2011 and 2012 that consisted of
nine N fertilizer rates ranging from 0 to 370 kg N/ha (assumed
excessive N). Different N fertilization splits were also included
in the dataset from 2011. For variety IR72, calibration data
came from experiments conducted in 1991 in IRRI that consisted
of three N fertilizer rates.

Data used to validate the model for WXJ14 came from an inde-
pendent experiment conducted in China in 2013 which included
six levels of N fertilizer ranging from 0 to 375kg Nr/ha.
Validation data for the IR72 variety came from an independent
experiment conducted in 1992 in the Philippines that included
four N rates with several N splits (Table 3). Genetic parameters
of WXJ14 and IR72 are shown in Table 4: detailed explanations
of these parameters can be found in Tang et al. (2009).

Graphs and statistical measures were used to evaluate the results
of the model. Measured and simulated biomass and N accumula-
tion were compared based on 1:1 line. Then the slope (a), inter-
cept (b), adjusted coefficient of correlation (R of the linear
regression, mean relative error (RE) and normalized root mean
square error (NRMSE) were derived from the difference between
measured and simulated values. The simulations are considered
to perform best when a and R? are 1, and b is 0. The simulation
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Fig. 2. Maximum (Nmax), critical (Nc) and minimum (Nmin) N concentration curves against shoot and organ biomass (Ata-Ul-Karim et al., 2013; Ata-Ul-Karim, et al.,
2014; Yao et al., 2014a). Ncl and Ncs are the minimum N concentration required for maximum crop growth of leaf and stem, Nminl and Nmins are the low limit N

concentration of leaf and stem, respectively.

Table 5. Calibration and validation results of RiceGrow simulations for biomass and N

No. of RE NRMSE

Crop variable samples Xmean (SD) Xsim (SD) a b (%) R? RMSE (%)
Calibration dataset

Biomass of shoot (kg/ha)? 100 6570 (5410) 6825 (5574) 1.0 180.9 16.3 0.96 1101 16.8
Biomass of stems (kg/ha)® 100 2632 (1879) 2720 (1963) 1.0 68.3 14.5 0.93 524 19.9
Biomass of leaves (kg/ha)? 100 1525 (870) 1593 (866) 0.9 168.7 22,6 0.88 313 20.5
Biomass of panicles (kg/ha)® 50 4911 (2902) 5435 (3160) 1.0 332.6 23.9 0.91 1087 22.1
N accumulation of shoot (kg/ha)b 73 114 (76.0) 119 (78.7) 1.0 2.3 17.0 0.96 16.5 13.9
N accumulation of stems (kg/ha)® 73 34 (24.6) 35 (26.0) 0.9 2.8 23.6 0.90 8.3 23.9
N accumulation of leaves (kg/ha)b 73 37 (25.3) 43 (29.3) 0.8 2.2 20.6 0.86 12.7 29.2
N accumulation of panicles (kg/ha)® 41 77 (47.7) 72 (40.2) 1.2 -7.3 19.5 0.96 12.9 37.3
N concentration of leaves (g/g)° 27 0.03 (0.011) 0.03 (0.006) 0.4 0.017 31.0 0.53 0.008 29.0
Validation dataset

Biomass of shoot (kg/ha)? 104 5920 (4911) 6323 (5379) 0.9 219.0 17.0 0.92 1019.5 16.1
Biomass of stems (kg/ha)? 104 2598 (2007) 2542 (2044) 0.9 240.2 23.6 0.89 677.9 26.7
Biomass of leaves (kg/ha)® 104 1424 (1000) 1467 (1084) 0.9 112.5 20.6 0.94 272.4 18.6
Biomass of panicles (kg/ha)? 54 4712 (3123) 5206 (3486) 0.9 323.9 19.5 0.93 1091.3 20.9
N accumulation of shoot (kg/ha)b 48 112 (80.9) 108 (75.6) 1.1 -23 14.5 0.96 17.1 15.9
N accumulation of stems (kg/ha)b 48 39 (29.0) 41 (28.4) 1.0 -2.0 17.5 0.97 5.7 14.0
N accumulation of leaves (kg/ha)® 48 45 (30.6) 41 (28.8) 1.0 34 21.3 0.92 9.5 234
N accumulation of panicles (kg/ha)b 30 73 (51.6) 73 (45.6) 1.1 -7.0 17.2 0.93 14.0 19.2
N concentration of leaves (g/g)° 56 0.03 (0.011) 0.03 (0.008) 0.6 0.01 16.6 0.55 0.007 27.3

Xmean, the mean of observed values (kg/ha); Xsim, the mean of simulated values (kg/ha); SD, standard deviation (kg/ha); a, slope of linear relation; b, intercept of linear relation; RE, mean
relative error (%); R?, adjusted coefficient of correlation; RMSE, root mean square error; NRMSE, normalized root mean square error (%).

*The dataset from both countries.
PThe dataset from China.
“The dataset from Philippines.

is considered excellent when NRMSE < 10%, good at 10-20%, fair
at 20-30% and poor >30% (Jamieson et al., 1991).

Maximum and minimum plant nitrogen concentration and Nc
curves

The Nmax, Nc and Nmin curves of plant and organs are used in
the current work to predict plant N demand. The basic method
used was proposed by Justes et al. (1994) and has been followed
in many studies for a number of different crops including winter
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wheat (Justes et al., 1994; Yue et al., 2012), potato (Greenwood
et al., 1990; Bélanger et al, 2001), winter oilseed rape (Colnenne
et al, 1998), maize (Ziadi et al, 2008), grain sorghum (Van
Oosterom et al, 2001), tomato (Tei et al, 2002) and spring
wheat (Ziadi et al., 2010). For high-yielding Indica rice, this allo-
metric function was estimated by Sheehy et al. (1998) and
Confalonieri et al. (2011). The Nmax, Nc and Nmin curves of
plant and organs of rice was developed in the Yangtze River
Reaches as shown in Fig. 2 (Ata-Ul-Karim et al., 2013; 2014; Yao
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et al., 2014a). As the biomass of leaves and stems decline gradually
after anthesis, the Nc and Nmin of leaf and stem are treated as the
minimum N concentration of Nc and Nmin before anthesis.

Results
Model calibration

The statistical results of model simulations from the calibration
dataset are shown in Table 5. Comparisons between simulated
and measured biomass and N accumulation of shoot, panicles,
leaves and stems are given for the calibration data in China
(Figs 3 and 4) and the Philippines (Figs 3 and 5). The 1:1 line
is shown as a solid line and the dashed lines indicate the ‘good’
range of NRMSE (the 1:1 line+20%). Generally, the dynamics
of biomass and N of shoot are simulated better than that of
organs due to the superposition error (organ biomass is simulated
based on shoot biomass partitioning). The calibration results
show most of the data points fall within the +20% lines and indi-
cate that the performance of the model is good. The biomass in
both countries is generally simulated well (Fig. 3). The slopes
(a) of shoot, stem and panicle are higher than 1 and the intercepts
(b) are relatively high (Table 5), indicating that the three variables
are over-estimated, this is due mainly to the over-estimation of
shoot biomass under 200 and 300 N kg/ha treatments in 2011
in China (Fig. 3). In the experiments of 2011 and 2012 in
China, according to the R*, RE and NRMSE, the N accumulation
of shoot and panicle was simulated well; however, simulation of
the N accumulation of stems and leaves was relatively poor
(Table 5). For leaf N concentration in the Philippines, several
points are beyond the 20% line (Fig. 5), and NRMSE and RE
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Measured values (kg/ha)

CHN-N300 represent N treatments of 0, 170, 270, 370, 200
and 300 N kg/ha in China, respectively.

are close to 30% (Table 5), respectively, indicating that the per-
formance of the model for leaf N concentration was only ‘fair’.

Model validation

The validation results showed that the model simulated the bio-
mass and N of shoots and organs satisfactorily. The slopes are
close to 1 and R* values are relatively high for all evaluated vari-
ables, with NRMSEs < 30% (Table 5). Compared with the calibra-
tion dataset, simulation results were less scattered away from the
1:1 lines in the validation dataset, and most of the data lie
between the +20% lines. Figure 6 compares simulated with mea-
sured shoot, leaf, stem and panicle biomass for the validation set
of the two countries, and shows the simulations are generally
quite good. However, simulated values for stem biomass are rela-
tively poor (Table 5): in particular, the values simulated at IRRI
are over-estimated (Fig. 6). For the 2013 validation dataset in
China, all the shoot and organ N accumulations are simulated
well, except for leaf N accumulation, according to the R? RE
and NRMSE values (Table 5), especially under the no N applica-
tion treatment (Fig. 7). For leaf N concentration validated in the
Philippines (Fig. 5, Table 5) the points scatter away from the 1: 1
line, the R? is low and NRMSE is close to 30%, indicating a large
spread in the data and poor performance of the model.

Model comparison

The original model (RiceGrow,)q) and the improved model estab-
lished in the current study (RiceGrow,.,) were compared using
the dataset from the 2013 experiment (Fig. 8). The simulation
accuracy of shoot N accumulation was improved by using
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RiceGrow,,,, compared with the original model, especially after
the middle of the growth period. The simulation results of the ori-
ginal model and its adapted form showed no significant difference
under 225 N kg/ha: the predicted values of two models are very
similar (Fig. 8(a)). However, at higher N levels (375 kg/ha), the
NRMSE of shoot N for RiceGrow,y and RiceGrow,., were
33.91 and 17.19%, respectively, and the shoot N predicted by
RiceGrow,yg is significantly lower than RiceGrow,,.,, and is appar-
ently under-estimated (Fig. 8(c)).

Discussion

The original model, which simulates plant N demand, is based
only on shoot Nc dilution curves and simulated only shoot
N. RiceGrow,,.,, however, simulates the dynamics of N uptake
and translocation in the whole rice plant as well as within plant
organs based on Nc¢, Nmax and Nmin curves, which should
allow a better understanding of the process of N distribution
within the plant during vegetative and reproductive growth peri-
ods in rice. RiceGrow,q simulated plant N demand using the Nc
curve as maximum N uptake; no N is incorporated when the
plant N concentration is the same as the critical concentration.
However, N uptake continues in RiceGrow,., when the N
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concentration is higher than the critical concentration but lower
than maximum N concentration. The comparison results confirm
that RiceGrow,, 4 under-estimates N accumulation in the plant and
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China, respectively.

RiceGrow,,.,, shows a better prediction under high-N fertilization
conditions, which conforms to the observations in many studies
(Justes et al., 1994; Lemaire and Gastal, 1997; Ata-Ul-Karim
et al., 2013).

During the late growth period, observed leaf N accumulation
decreases quickly, but the simulated leaf N accumulation hardly
changes, indicating that the leaf senescence part of the model
should be improved further. Due to the over-estimation of leaf
N accumulation, the RiceGrow,., model shows lower accuracy
of prediction than RiceGrow,y. The simulated results were not
as good for the 2012 dataset from China, which could be due
to the warmer temperatures experienced in 2012, and the model
failed to simulate the effects of high temperature stress adequately.
The results demonstrate that the model can simulate N uptake
well in conditions where N is non-limited (excessive). The results
of the dynamics of biomass and N concentration of the leaf in the
Philippines are relatively poor, especially for the data where no N
was applied. This is because the model failed to simulate the rapid
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reduction of leaf biomass after anthesis and the relatively high
biomass would result in low N concentration.

The Nc concentration curve for rice was developed based
on Japonica rice in the Yangtze River Reaches of China
(Ata-Ul-Karim et al., 2013). Previous reports have pointed out
that there were inter-specific and intra-specific dissimilarities in
the Nc curve (Justes et al., 1994; Bélanger et al., 2001). The Nc
curve also varies with experimental site (Greenwood et al.,
1990). Nitrogen dilution curves for different species from differ-
ent regions could be used as a genotype-specific parameter for
more precise simulation, which is not a part of most existing
crop models. Since plant N dilution curve based NNI is also
used as a common plant N diagnosis tool for crop N manage-
ment, more N dilution curves for plant and organs will be devel-
oped with the rapid development of N monitoring, diagnosis and
regulation (Colnenne et al., 1998; Tei et al., 2002; Debacke et al.,
2012; Ata-Ul-Karim et al., 2013; Zhao et al., 2014a). Further uni-
versal (global) or more particular (local) Nc concentrations for
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rice plant and organs should be developed for more precise N pre-
diction and management. Different N routines, algorithms, para-
meters and results of different rice models should be further
compared by multi-model inter-comparison studies (Li et al,
2015; Confalonieri et al., 2016a; Yin et al., 2017). The calibration
method used in the current study is to try the parameters in their
physiological ranges to find the best parameter set manually,
which also could be regarded as a ‘trial and error’ method, as
many crop models are used. This may cause uncertainty in mod-
elling results due to different users and methods (Confalonieri
et al., 2016b). Standard calibration procedures should be devel-
oped for RiceGrow in the future.

In conclusion, a new sub-model in RiceGrow was developed in
the current study that simulates N uptake and translocation pro-
cesses in the whole rice plant as well as within plant organs based
on Nc¢, Nmax and Nmin curves of shoot and organs. Overall,
results for calibration and validation of the established model
showed that the model could simulate the processes of N uptake
and translocation well under different N fertilizer treatments.
Biomass and N accumulation of the shoot is estimated better
than that of organs: in particular, simulation of biomass and N
of leaves was relatively poor and should be further evaluated
and improved in the future. This improved model works better
under excessive N application conditions than the original
model, which only simulates shoot N dynamics based on the
Nc curve. This improvement would lead to better predictions of
N uptake and optimization of N management.
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