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A B S T R A C T

Simulating yield response to different irrigation scenarios is important for agricultural production, especially in
the arid region where agriculture depends heavily on irrigation. To better predict yield under different irrigation
scenarios, the variation of normalized water productivity (WP*) over the whole growing period of maize for seed
production and the effect of different irrigation treatments on harvest index (HI) were investigated using field
experiments from 2012 to 2015 in an arid region of northwest China. Two new non-linear dynamic WP* (WP*KR-L
and WP*KR-S) models derived from the Logistic and Sigmoid equations, and four new HI (HIKR-J, HIKR-M, HIKR-B
and HIKR-S) models developed on the basis of water deficit multiplicative or additive models at different growth
stages were compared with the measurements and the WP* (WP*AC) and HI sub-model (HIAC) in the original
AquaCrop model (Version 4.0). In addition, the WP*AC and HIAC models in the original AquaCrop model were
replaced by the optimal WP* and HI models to build the AquaCrop-KR model. Then the yield simulated by the
AquaCrop-KR model was compared with the measured yield and the yield simulated by the original AquaCrop
model. The results show that both WP*KR-L and WP*KR-S models improved the simulation of final biomass, espe-
cially for the WP*KR-L model. The tested HI sub-models, namely HIKR-J, HIKR-M, HIKR-B and HIKR-S models had good
performance to simulate HI under different irrigation scenarios, and the HIKR-M model was the best among all
tested sub-models. When both WP*KR-L and HIKR-M sub-models were embedded into Aquacrop, the performance of
the AquaCrop model was improved significantly to simulate yield, especially under severe water stress condition,
with R2 increased from 0.496 to 0.653, NRMSE decreased from 26.2% to 16.1% and EF increased from 0.055 to
0.642.

1. Introduction

Water resources are scarce in arid areas where agriculture heavily
relies on irrigation (Kang et al., 2017; Ran et al., 2017a) and water has
always been the key factor limiting crop production in much of the
world where precipitation is insufficient to meet the needs of crops
(Steduto et al., 2012). High-precision crop models can be used to op-
timize irrigation schedules and manage crop production in those re-
gions. With the development of crop transpiration simulation models,
water-driven crop models which capture the basic features of the re-
sponse of crops to water can be useful. The AquaCrop model developed
by FAO (Steduto et al., 2009; Raes et al., 2009), is currently a widely
used water-driven crop model, and is well balanced between simplicity

(less parameters needed) and accuracy (Hsiao et al., 2009; Araya et al.,
2010; Andarzian et al., 2011; Abedinpour et al., 2012; Wang et al.,
2013; Mabhaudhi et al., 2014; Tavakoli et al., 2015; Toumi et al.,
2016). However, calibration is still needed before applying the model,
especially under severe water stress conditions (Heng et al., 2009;
Katerji et al., 2013).

In the AquaCrop model, the accumulated biomass has a linear re-
lationship with normalized crop transpiration (T/ET0), with the slope
defined as the normalized water productivity (WP*), which is con-
sidered to be constant across the life of the crop, for specific crop
species (Steduto et al., 2009). However, Hsiao et al. (2009) found a
variation in WP* during the growing period of maize, with an increasing
WP* at the start, followed by a constant WP* and declined WP* close to
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maturity. Katerji et al. (2013) showed that the AquaCrop model can
better simulate the maize biomass accumulation well during the first
half of the growth period, but significantly over-estimates the biomass
accumulation during the latter half of the growth period. This is in
agreement with our previous study on maize for seed production, im-
plying a decreased accuracy of biomass simulation, if WP* is set to be a
fixed parameter over the whole growing period (Ran et al., 2018).
Considering the variation of WP* during the crop growing period might
be an alternative way for better simulation of biomass.

Harvest index (HI), which is defined as the ratio of yield to final
biomass, is widely used for yield forecasting in crop models. HI is af-
fected by crop variety, and abiotic stresses. (DeLougherty and
Crookston, 1979; Muchow, 1989; Bolaños and Edmeades, 1993; Kang
et al., 2000; Farré and Faci, 2006; Ran et al., 2016). Although a number
of models can estimate HI (Richards and Townley-Smith, 1987; Sadras
and Connor, 1991; Kemanian et al., 2007), simulating HI is still a
challenge under water-stressed conditions. In the AquaCrop model, HI
under water stress is calculated by modifying the reference HI (HI0) by
the water stress coefficient calculated from soil water content (Raes
et al., 2009). Some studies have suggested that an adjustment of HI0 is
required when using AquaCrop for yield simulation under water-
stressed conditions (Hsiao et al., 2009; Farahani et al., 2009; Araya
et al., 2010). Our previous study also found that the HI simulated by
AquaCrop is nearly unchanged regardless of the degree of water stress,
which substantially reduces the accuracy of yield simulation especially
for water stress treatments (Ran et al., 2018). Therefore, it is necessary
to develop a HI model that better capture the effects of water stress at
different stages on HI.

Thus, the variation of WP* over the whole growing period of maize
for seed production and the effect of different irrigation treatments on
HI were investigated to improve the simulation accuracy of yield in
regions of water shortage. The objectives of this study were to (1) de-
velop new non-linear dynamic WP* models derived using Logistic and
Sigmoid equations (WP*KR-L and WP*KR-S), and new HI models based on
water stress multiplicative (HIKR-J and HIKR-M) or additive (HIKR-B and
HIKR-S) models at different growth stages. These new WP* and HI
models were compared with the original AquaCrop WP* (WP*AC) and HI
sub-model (HIAC) respectively based on the measured biomass and HI,
and (2) build AquaCrop-KR based using the newly developed WP* and
HI models, and compare it with the original AquaCrop on the perfor-
mance of yield simulation.

2. Description of WP* and HI models

2.1. Normalized water productivity (WP*) model

The relationship between crop biomass and normalized transpira-
tion (T/ET0) is established based on the data in a large field equipped
with an eddy covariance (EC) system (Exp. 1) each year from 2012 to
2015 (the details of Exp. 1 is described in Section 3.1.), using the
method recommended by Hsiao et al. (2009) (Fig. 1). Considering the
soil evaporation is marginal as a result of over 70% of the surface
covered by a film-mulch in the experimental field (Jiang et al., 2016a;
Ran et al., 2017b), crop transpiration (T) in Fig. 1 adopts EC measured
evapotranspiration for parameterization. Statistical analysis shows that
using “S” curves to fit the data are significant better than linear model
for most years (Table 1). We hypothesize that the relationship between
accumulated biomass and standardized transpiration is in line with the
“S” curve, correspondingly, WP* is assumed to vary along the growth
stages. In this study, two WP* models are tested: Logistic and Sigmoid
WP* sub-models.

2.1.1. WP*
KR-L model

The Logistic equation (Thornley, 1976) is applied to the relationship
between crop biomass and transpiration as follows:

B B B
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where Bt is the biomass accumulation (g m−2), Bm is the potential final
biomass without water stress (g m−2), B0 is the initial biomass (g m−2),
δ is the potential biomass growth index, T* is the cumulative normal-
ized crop transpiration Σ(T/ET0), T is the daily crop transpiration (mm
d-1), and ET0 is the calculated daily reference evapotranspiration using
the FAO Penman-Monteith method (mm d−1) (Allen et al., 1998).

The non-linear dynamic WP* based on the Logistic equation, named
the WP*KR-L model, can be derived by taking the derivative of Bt with
respect to T*:
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2.1.2. WP*
KR-S model

The Sigmoid equation (Thornley, 1976) is applied to the relation-
ship between crop biomass and transpiration as follows:
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where Tc is the T* value corresponding to the half-maximum response of
biomass, and η is a constant.

The non-linear dynamic WP* model based on the Sigmoid equation,
named the WP*KR-S model, can be derived by taking the derivative of Bt
with respect to T*:
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The mathematical derivation process of WP*KR-L and WP*KR-S from
Logistic and Sigmoid equation can be found in Appendix A.

2.1.3. WP* in the AquaCrop model
In the AquaCrop model, WP* is treated as a constant for maize

across the whole crop growth period (Raes et al., 2012).

2.2. Harvest index model

2.2.1. HIKR-J, HIKR-M, HIKR-B, and HIKR-S models
Quantitative relationships between harvest index and crop tran-

spiration has been reported in literature, and it is found that, biomass
partitioning to grain is physiologically coupled with water transpired
(Richards and Townley-Smith, 1987; Sadras and Connor, 1991). How-
ever, these studies only consider the fraction of water transpired after
anthesis. HI is found to be affected by water stress during whole growth
period, and responds differently to water stress in each specific growth
stage (Andersen et al., 2002; Raes et al., 2009). Pearson's product-
moment correlation test shows that relative HI is significantly corre-
lated to relative transpiration in the vegetative growth stage, flowering
stage and reproductive growth stage, respectively, in this study
(Table 2).

Therefore, another hypothesis of this study is drawn as (1) the
quantitative relationship between HI and water stress can be expressed
through crop transpiration of different stages of the whole growth
period, (2) its form follows crop water production functions, and (3)
sensitivity index (or coefficient) follows the pattern in FAO 33. Four
new HI models are proposed based on two multiplicative-type (Jensen
(1968) and Minhas et al. (1974)) and two additive-type crop water
production functions (Blank (1975) and Stewart et al. (1977)). It is
usually considered that soil evaporation has no direct contribution to
yield formation (Perry et al., 2009; Balwinder et al., 2011; Steduto
et al., 2012). Therefore, crop evapotranspiration in Jensen (1968);
Minhas et al. (1974); Blank (1975) and Stewart et al. (1977) is replaced
by transpiration to develop the four new HI models named HIKR-J, HIKR-
M, HIKR-B, and HIKR-S as follows:
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where Ta is the actual crop transpiration (mm). Tm is the potential crop
transpiration without water stress (mm). HIm is the potential harvest

index without water stress (%), which is a variety specific parameter. ζi
and μi are the sensitivity index to water stress at each growth stage in
multiplicative-type HIKR-J and HIKR-M models, respectively. εi and ωi are
the sensitivity coefficients to water stress at each growth stage in ad-
ditive-type HIKR-B and HIKR-S models, respectively. The magnitude of ζi,
μi, εi and ωi for a specific growth stage would depend primarily on the
sensitivity of HI to water stress during that stage. i is the ith growth
stage. In this study, the whole growth period of maize is divided into
vegetative growth stage, flowering stage and reproductive growth
stage, which are referred to stage 1, stage 2 and stage 3, respectively.

2.2.2. HI sub-model in AquaCrop model
In the AquaCrop model, HI is calculated by modifying the reference

HI (HI0) through the water stress coefficient based on soil water con-
tent. The formula is expressed as:

Fig. 1. Regression between measured aboveground biomass and cumulative ratio of crop transpiration (T) to reference evapotranspiration (ET0) during biomass
measurement (Σ(T/ET0)) in a large field equipped with an eddy covariance (EC) system (Exp. 1) from 2012 to 2015. The blue points, red solid line, green dot dash
line and black dashed line are measured values with error bars, fitted Logistic equation, fitted Sigmoid equation and fitted Linear equation, respectively. The light
yellow band represents the flowering period. The T adopts EC measured evapotranspiration given transpiration is very close to evapotranspiration as a result of over
70% of the surface covered by a film-mulch. The varieties of 2012, 2013, 2014 and 2015 are Zhengdan 958, Funong 340, Funong 963 and Funong 588, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 1
Statistical analysis of simulated and measured biomass accumulation through the regression with Logistic, Sigmoid and Linear equations from the first group of
experiments (Exp. 1) during 2012 to 2015.

Year Models Biomass process Final biomass

n R2 NRMSE (%) EF R2adj AIC F-Wald n D (%)

2012 Logistic 4 0.987 6.3 0.987 -inf 42 0.79 (F0.05(2, 1)= 199.5, F0.01(2, 1)= 4999.5)
Sigmoid 4 0.977 8.2 0.977 -inf 44 0.25 (199.5, 4999.5)
Linear 4 0.966 10.1 0.966 0.948 42 –

2013 Logistic 13 0.993 6.0 0.993 0.991 108 11.20 (F0.05(2, 10)= 4.10, F0.01(2, 10)=7.56)
Sigmoid 13 0.995 4.9 0.995 0.994 103 19.06 (4.10, 7.56)
Linear 13 0.977 10.8 0.977 0.975 119 –

2014 Logistic 12 0.987 7.1 0.987 0.982 114 13.23 (F0.05(2, 9)= 4.26, F0.01(2, 9)= 8.02)
Sigmoid 12 0.986 7.4 0.986 0.980 115 11.92 (4.26, 8.02)
Linear 12 0.947 14.1 0.947 0.942 126 –

2015 Logistic 17 0.976 10.3 0.976 0.970 163 12.13 (F0.05(2, 14)= 3.74, F0.01(2, 14)=6.51)
Sigmoid 17 0.979 9.6 0.979 0.974 160 15.14 (3.74, 6.51)
Linear 17 0.933 17.0 0.933 0.929 176 –

Whole Logistic 46 0.911 20.3 0.910 0.904 499 1.63 (F0.05(2, 43)=3.23, F0.01(2, 43)= 5.18) 4 −2.7
Sigmoid 46 0.914 20.0 0.912 0.907 498 2.34 (3.23, 5.18) 4 −6.9
Linear 46 0.903 21.0 0.903 0.901 499 – 4 8.4

Whole-standardized Logistic 46 0.960 13.2 0.960 0.957 −239 11.18 (F0.05(2, 43)= 3.23, F0.01(2, 43)=5.18) 4 −2.3
Sigmoid 46 0.956 14.0 0.955 0.953 −234 7.54 (3.23, 5.18) 4 −6.5
Linear 46 0.939 16.3 0.939 0.938 −224 – 4 8.9

n is number of samples, R2 is determination coefficient, NRMSE is normalized root mean square error, EF is Nash-Sutcliffe model efficiency coefficient, R2adj is
adjusted R2, AIC is Akaike information criterion, and F-Wald is the value of Wald-Test. Values in brackets of F-Wald are F-distribution threshold at α= 0.05 and
α=0.01, respectively. D is the relative error. “-inf” means minus infinity. “–”means no need for calculation.
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HI f HIHI 0= (9)

where fHI is the modifying factor of the reference harvest index. Its
value is determined by the time and severity of water stress (Raes et al.,
2012).

2.3. Aquacrop-KR model

In the tested Aquacrop-KR model, yield is simulated as the function
of crop transpiration (T), normalized water productivity (WP*) and
harvest index (HI):

Y WP WP WP

HI HI HI HI HI T
ET

{ * , * , * }

{ , , , , }

KR L KR S AC opt

KR J KR M KR B KR S AC opt
0

=

× ×
(10)

where {WP*KR-L, WP*KR-S, WP*AC}opt is the optimal WP* of three tested
models, {HIKR-J, HIKR-M, HIKR-B, HIKR-S, HIAC}opt is the optimal five HI
models, T is the crop transpiration modelled by AquaCrop, and ET0 is
the reference crop evapotranspiration.

3. Materials and methods

3.1. Experimental description

Field experiments were carried out at Shiyanghe Experimental
Station of China Agricultural University, located in Wuwei city, Gansu
Province, Northwest China (37°52′ N, 102°50′ E, 1581m elevation)
from 2012 to 2015. The experimental site has a typical arid inland
climate and the soil texture is light sandy loam. More details about the
experimental station were described in Ran et al. (2018).

Two experiments were carried out from 2012 to 2015. The aim of
the first experiment (Exp. 1) was to optimize the growth stage-specific
WP* model of the AquaCrop model under full irrigation. The experi-
ment was carried out in a large film-mulching field (300×300 m2)
equipped with an eddy covariance (EC) system, which was used to
measure ET at daily scale. A detailed description of the EC system is
provided by Ding et al. (2010), Li et al. (2013), Jiang et al. (2016b) and
Ran et al. (2017b). Aboveground biomass was measured every 10 to 20
days.

The aim of the second experiment (Exp. 2) was to test the newly
developed models and the original models for the prediction of bio-
mass, harvest index and yield under different irrigation treatments.
Irrigation treatments and maize cultivars varied during the period of
2012–2015. In 2012, the experiment consisted of six irrigation

treatments, i.e. full irrigation (CK), deficit irrigation only at the seedling
stage (SD), deficit irrigation only at the jointing stage (JD), deficit ir-
rigation only at the heading stage (HD), deficit irrigation only at the
filling stage (FD), and deficit irrigation only at the maturing stage (MD).
CK was fully irrigated with 100% crop evapotranspiration (ET) during
the whole growth stage. The other treatments were irrigated with 55%
ET in the corresponding water stress stage as designed, and were fully
irrigated as CK during the remaining stages. Maize for seed production
(Zea mays L. cv. Zhengdan 958) was sown on April 19 and harvested on
September 20, 2012. In 2013, the experiment consisted of three irri-
gation treatments: W1, W2 and W3. In W1, irrigation was applied up to
field capacity (FC) when soil water content reached 65–70% FC; in W2,
irrigation was applied up to FC when soil water content reached
55–60% FC; in W3, irrigation was applied up to FC when soil water
content reached 45–50% FC. Maize for seed production (Zea mays L. cv.
Funong 340) was sown on April 20 and harvested on September 11,
2013. In 2014, the experiment in 2013 was repeated. In addition to this
experiment, a second experiment was conducted, which had four irri-
gation treatments, i.e. full irrigation (CK), irrigated three times at the
vegetative stage (IV3), irrigated two times at the vegetative stage (IV2)
and irrigated two times at the reproductive stage (IR2). Maize for seed
production in CK was irrigated four times during the whole growth
period and the other treatments were controlled by corresponding ir-
rigation times with each irrigation quota 120mm. Maize for seed pro-
duction (Zea mays L. cv. Funong 963) was sown on April 15 and har-
vested on September 20, 2014. In 2015, the experiment consisted of
seven irrigation treatments: One full irrigation treatment and six water
deficit treatments (implemented by reducing the times of irrigation
only at a specific stage). Full irrigation, irrigated four times during the
whole growth season (CK); irrigated three times at the vegetative stage
(IV3); irrigated three times at the reproductive stage (IR3); irrigated
two times at the vegetative stage (IV2); irrigated two times at the re-
productive stage (IR2); one irrigated time at the vegetative stage (IV1)
and irrigated one time at the reproductive stage (IR1). Maize for seed
production (Zea mays L. cv. Funong 588) was sown on April 15 and
harvested on September 16, 2015. The experimental details of the
second group of experiments were detailed in Ran et al. (2018). Maize
was sown and harvested at the same date in both experiments. The soil
surface was covered using 1.2 m-wide film sheet in the plant row with a
0.4 m-wide bare soil interval. In each experiment, the rate of Nitrogen
(N), phosphorus (P2O5) and potassium (K2O) fertilizers were 500, 240
and 50 kg ha−1, respectively.

3.2. Calibration and validation procedures

The calibration and validation processes followed the steps below:

i Obtained transpiration of different irrigation treatments in Exp. 2 by
adopting the output of the pre-calibrated AquaCrop model by Ran
et al. (2018).

ii Calibrated WP*KR-L and WP*KR-S models by solving Eqs. (2) and (4)
with measured biomass and ET data from EC system field in Exp. 1.
To get the generic parameters, four year data were put together to
calibrate the model (Fig. 2a). The Bm was set to 2000 g m−2 ac-
cording to the average measured final biomass without water stress
of Exp. 1. To abstract the WP* model to a more generic form
(standardized WP*), both Bm and ∑(T/ET0) were standardized to 1 in
each year from 2012 to 2015 (Fig. 2b). WP*KR-L and WP*KR-S models
were validated using measured biomass data from Exp. 2. To apply
the standardized WP* models (WP*KR-L and WP*KR-S) to Exp. 2, the
standardized ∑(T/ET0) [0, 1] was stretched to the actual ∑(T/ET0) of
each treatment and the calculated biomass was multiplied by 2000 g
m−2. The simulated biomass by WP*KR-L, WP*KR-S and WP*AC models
were compared with measured values to determine the optimal WP*

model.
iii Calibrated the HIKR-J, HIKR-M, HIKR-B and HIKR-S models using

Table 2
Pearson's product-moment correlation test between harvest index (HI) and
transpiration (T) of each growth stage on maize for seed production in Wuwei,
Northwest China.

Statistical test Variables

(Ta/Tm)1 (Ta/Tm)2 (Ta/Tm)3 Ta/Tm

HIa/HIm r 0.52
(0.14,
0.77)

0.80 (0.57,
0.91)

0.60
(0.25,
0.81)

0.74 (0.48,
0.88)

t 2.80
(2.08)

6.00 (2.08) 3.45
(2.08)

5.11 (2.08)

p-value 0.011 5.8×10−6 0.002 4.6×10−5

df = 21

HIa is actual HI (%). HIm is potential HI without water stress (%). Ta is the
actual crop transpiration (mm), and Tm is potential crop transpiration without
water stress (mm). Subscript 1, 2 and 3 represent vegetative growth stage,
flowering stage and reproductive growth stage, respectively. r is the correlation
coefficient, and the values inside the brackets mean 95 percent confidence in-
terval. t is the value of student' t-test, and the value inside the brackets is the
threshold of t0.025 / 21. df is degree of freedom.
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measured HI and transpiration outputted from the parameterized
AquaCrop in Ran et al. (2018) in Exp. 2. The HIm was set to 33%
according to the average measured HI without water stress of Exp. 2.
The sensitivity index or coefficient (ζ, μ, ε and ω) was restrained to a
higher value within a more sensitive growth stage following the
pattern in FAO 33 (Doorenbos and Kassam, 1979), i.e., flowering
stage was noticed to be more sensitive than the other growth stages,
followed by the reproductive stage and then the vegetative stage, for
all the models (Doorenbos and Kassam, 1979; Igbadun et al., 2007;
Domínguez et al., 2012). The validation of the new HI models
adopted the approach of Leave-one-out cross validation (Jones and
Carberry, 1994; Thorp et al., 2007), which required iterative and
exhaustive four successive calibrations of the models by alter-
natively leaving out one year data. The simulated HI by HIKR-J, HIKR-
M, HIKR-B, HIKR-S and HIAC models was compared with the measured
values to determine the optimal HI model.

iv Multiplied final biomass outputted from the optimal WP* model by

HI outputted from the optimal HI model to get yield for AquaCrop-
KR model. This was compared with the simulated yield by the ori-
ginal AquaCrop model in terms of the measured yield of Exp. 2.

3.3. Statistical analysis

The model parameters were fitted using the Nonlinear Least Squares
Regression function in the R Programming Language. The accuracy of
the models was quantified using the following criteria (Hsiao et al.,
2009; Pereira et al., 2015; Ran et al., 2018):
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Fig. 2. (a) General regression between mea-
sured aboveground biomass and cumulative
ratio of crop transpiration (T) to reference
evapotranspiration (ET0) during biomass mea-
surement (Σ(T/ET0)) and (b) standardized
biomass and standardized Σ(T/ET0) (Σ(T/
ET0)1) in a large field equipped with an eddy
covariance (EC) system (Exp. 1) from 2012 to
2015. The points, red solid line, green dot-da-
shed line and black dashed line are measured
values with error bars, fitted Logistic, Sigmoid
and Linear equations, respectively. The light
yellow band represents the flowering period.
The varieties of 2012, 2013, 2014 and 2015
are Zhengdan 958, Funong 340, Funong 963
and Funong 588, respectively. The crop tran-
spiration adopts EC measured evapotranspira-
tion given transpiration is close to evapo-
transpiration as a result of over 70% of the
surface covered by a film-mulch. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

Table 3
Parameters of new normalized water productivity (WP*) and harvest index (HI) models for maize for seed production in Wuwei, Northwest China.

Model Parameter Description and unit Value

WP* WP*KR-L B0 Initial biomass in WP*KR-L 0.033*** (66, g m−2) (calibrated)
δ Potential biomass growth index in WP*KR-L 7.14*** (7.14) (calibrated)

WP*KR-S Tc T* value corresponding to half-maximum response in WP*KR-S 0.45*** (0.45) (calibrated)
η Constant in WP*KR-S 3.30*** (3.30) (calibrated)
Bm Potential final biomass without water stress in WP*KR-L and WP*KR-S 1 (2000, g m−2) (measured)

HI HIKR-J ζ1, ζ2, ζ3 Sensitivity index to water stress at vegetative, flowering and
reproductive stage in HIKR-J

0.10, 0.60**, 0.22 (calibrated)
(For yield: 0.5, 1.5, 0.5, Jensen et al., 1968; 0.29, 1.7, 0.54, Igbadun et al.,
2007)

HIKR-M μ1, μ2, μ3 Sensitivity index to water stress at vegetative, flowering and
reproductive stage in HIKR-M

0.39, 1.06*, 0.39 (calibrated)
(For yield: 1.24, 3.36, 1.69, Igbadun et al., 2007)

HIKR-B ε1, ε2, ε3 Sensitivity coefficient to water stress at vegetative, flowering and
reproductive stage in HIKR-B

0.14, 0.80*, 0.30 (calibrated)
(For yield: 0.4, 1.5, 0.2-0.5, Doorenbos and Kassam, 1979; 0.21, 0.86, 0.49,
Igbadun et al., 2007)

HIKR-S ω1, ω2, ω3 Sensitivity coefficient to water stress at vegetative, flowering and
reproductive stage in HIKR-S

0.11, 0.65**, 0.24 (calibrated)
(For yield: 0.35, 1.05, 0.2-0.4, Domínguez et al., 2012; 0.21, 0.86, 0.49,
Igbadun et al., 2007)

HIm Potential harvest index without water stress in HIKR-J, HIKR-M, HIKR-B
and HIKR-S, (%)

33 (measured)

WP*KR-L and WP*KR-S are non-linear dynamic normalized water productivity (WP*) models derived using Logistic and Sigmiod equations, respectively. The calibrated
value is for standardized WP* with which final biomass and cumulative normalized crop transpiration are standardized to 1, and the number inside the brackets is the
corresponding value for WP*. HIKR-J and HIKR-M are new water deficit multiplicative-type HI models developed from Jensen and Minhas equations, respectively; HIKR-
B and HIKR-S are new water deficit additive-type HI models developed from Blank and Stewart equations, respectively. T* is the cumulative normalized crop
transpiration (∑(T/ET0)).
*, ** and *** indicate significances at P < 0.05, P < 0.01 and P < 0.001 levels, respectively.
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where Si is the simulated values, Mi is the measured values, S is the
mean of simulated values, and M is the mean of measured values. b0 is
the regression coefficient through the origin, and the simulated values
are statistically close to the measured ones if b0 is close to 1. R2 is the
coefficient of determination, and simulation results were considered
acceptable if R2> 0.5 (Santhi et al., 2001). RMSE is root mean square
error, and the errors between the simulated and measured values are
small when RMSE is close to zero. NRMSE is normalized root mean
square error, and the simulation is labeled excellent, good, fair and poor
if the values of NRMSE are less than 10%, 10–20%, 20–30% and greater
than 30%, respectively (Jamieson et al., 1991). EF is the Nash-Sutcliffe
model efficiency coefficient, which ranges from minus infinity to 1; 1
means the exact match between the simulated and measured values, 0
indicates the same precision of simulated values and the average of
measured values, and a negative number indicates the average of
measured values is better than the simulated values. d is Willmott’s
index of agreement, which varies between 0 and 1; 0 means no
agreement between the simulated and measured values, and 1 means
exact agreement between the simulated and measured values. D is the
relative error.

Mathematically, a model with more parameters would always be
able to fit the data at least as well as a model with fewer parameters. To
determine whether the nonlinear WP* model (WP*KR-L and WP*KR-S, with
more parameters) gave a significantly better fit to the data than the
linear model (WP*, with less parameters), three approaches were used:
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where R2adj is adjusted R2, which takes account of the number of para-
meters in a model (k) and the sample size (n) (https://en.wikipedia.
org/wiki/Coefficient_of_determination#Adjusted_R2). The higher the
R2adj, the better the model. AIC is Akaike information criterion, which is
a goodness of fit to assess model accuracy and complexity. AIC favours
smaller residual error in the model, but penalizes for more parameters.
RSS is the residual sum of squares. The model is a better choice with a
smaller AIC (Jin et al., 2017). F is the F-test. RSS1 and RSS2 are residual
sum of squares of model 1 (with less parameters) and model 2 (with
more parameters), respectively. k1 and k2 are the number of parameters
in model 1 and model 2, respectively. If the calculated F is greater than
the threshold value in the F distribution table with (k2−k1, n-k2) de-
grees of freedom, model 2 significantly better fits to the data than
model 1 (https://en.wikipedia.org/wiki/F-test#Regression_problems).

4. Results

4.1. Model parameterization

When all four years of biomass data were analyzed together, the
differences between Logistic, Sigmoid and Linear equations were not
significant (Table 1). However, when both Bm and ∑(T/ET0) were
standardized to 1, Logistic and Sigmoid equations were significantly
better than Linear equation, and Logistic equation was the best
(Table 1). The D of Logistic (-2.3%) and Sigmoid (−6.5%) for final
biomass were smaller than the Linear equation (8.9%).

Fig. 3. Variation of standardized WP* of maize for seed production against nor-
malized transpiration (∑(T/ET0)1) from 2012 to 2015. The red solid line (WP*KR-L),
green dot-dashed line (WP*KR-S) and black dashed line (WP*AC) are water pro-
ductivity models derived using Logistic, Sigmiod and Linear equations, respec-
tively. The light yellow band represents the flowering period. The arrow indicates
the maximum of non-linear WP* model. T is crop transpiration, and ET0 is re-
ference evapotranspiration. The crop transpiration adopts EC measured evapo-
transpiration given transpiration is close to evapotranspiration as the result of over
70% film-mulch. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article).

Table 4
Basic characteristics for WP*KR-L and WP*KR-S models of maize for seed production
during 2012–2015.

Model Year WP*max IP1 IP2 GPL

DAP
(d)

GDD
(℃ d)

DAP
(d)

GDD
(℃ d)

DAP
(d)

GDD
(℃ d)

DAP
(d)

GDD
(℃ d)

WP*KR-L 2012 89 925 70 667 110 1212 155 1668
2013 86 907 67 653 105 1162 145 1624
2014 97 899 76 635 120 1168 159 1549
2015 88 863 67 597 107 1114 155 1642
Mean 90 899 70 638 111 1164 154 1621

WP*KR-S 2012 79 782 62 563 102 1103 155 1668
2013 75 768 58 557 96 1044 145 1624
2014 85 747 64 494 109 1052 159 1549
2015 78 749 58 496 100 1011 155 1642
Mean 79 762 61 527 102 1052 154 1621

WP*KR-L and WP*KR-S are non-linear dynamic normalized water productivity
models derived using Logistic and Sigmiod equations, respectively. WP*max
means the time to reach the maximum. IP1 and IP2 mean the first and the
second intersection point where nonlinear models (WP*KR-L and WP*KR-S) and
linear model intersect, respectively. GPL is length of growth period. DAP is days
after planting. GDD is growing degree days.
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The parameters of the WP*KR-L and WP*KR-S models are showed in
Table 3. The WP* obtained by the linear model remained constant over
the whole growth period, while the WP* derived from the two “S”
models (i.e. WP*KR-L and WP*KR-S) showed a bell shape with the max-
imum value at Σ(T/ET0)1 of 0.37-0.47 (Fig. 3). The maximum value of
the WP*KR-S model was greater than that of the WP*KR-L model. WP*KR-L
model reached its maximum at flowering stage (90 DAP, 899 ℃ d), and
the time to reach the maximum value of WP*KR-S was earlier (79 DAP,
762 ℃ d) (Fig. 3, Table 4). In addition, there were two intersection
points between nonlinear models (WP*KR-L and WP*KR-S) and the linear
model (WP*AC). They were 0.283 and 0.659 for the first and the second
intersection point between WP*KR-L and WP*AC in ∑(T/ET0)1, corre-
sponding to 70 (638) and 111 (1164) DAP (℃ d). Between 70 and 111
DAP, the values of WP*KR-L curve were greater than that of the WP*AC
line, and the result was the opposite at the remaining days. For the first
and the second intersection point between WP*KR-S and WP*AC, they were
0.215 and 0.581 in ∑(T/ET0)1, corresponding to 61 (527) and 102
(1052) DAP (℃ d). Between 61 and 102 DAP, the values of WP*KR-S
curve were greater than that of the WP*AC line, and the result was the
opposite at the remaining days.

For both WP*KR-L and WP* KR-S models, parameter Bm controlled the
size of the bell shape (Fig. 4). For WP*KR-L, the WP* curve became sharp
and narrow and the time to reach the maximum was advanced with
higher δ. Parameter B0 translated the curve. For WP*KR-S, the WP* curve
became sharp and narrow with the time to reach the maximum ad-
vanced with decreasing T*c. If increasing η, the curve became sharp and

narrow with the time to reach the maximum delayed.
The relative HI (HIa/HIm) was significantly correlated with relative

T (Ta/Tm) at the flowering stage (r= 0.80, p < 0.001), followed by Ta/
Tm at the reproductive stage (r= 0.60, p < 0.01) and vegetative stage
(r= 0.52, p < 0.05) (Table 2).The parameters of HIKR-J, HIKR-M, HIKR-B
and HIKR-S models are showed in Table 3. The calibrated sensitivity
index or coefficient at vegetative, flowering and reproductive stages in
multiplicative-type or additive-type HI models were the similar to the
pattern in Jensen et al. (1968), Doorenbos and Kassam (1979), Igbadun
et al. (2007) and Domínguez et al. (2012). The parameters for the WP*

and HI sub-model in AquaCrop model were given by Ran et al. (2018).

4.2. Model validation

4.2.1. Biomass simulation
The “goodness of fit” of all the three models for biomass process was

quite close (Table 5), however, the WP*KR-L and WP*KR-S models were
better than the WP*AC model in simulating the variation of the biomass
atmaturity(Fig.5).Thesimulatedfinalbiomass(B)bytheWP*KR-Land
WP*KR-S models were much closer to measured values than by WP*AC
(Fig. 6), with NRMSE decreased to 12.1% and 11.8% from 18.2%, and
EF increased to 0.509 and 0.533 from -0.104 (Table 5). For WP*KR-L and
WP*AC, the number of treatments having D of less than 5% were 7 and 4
(out of 23) (Table 9). Accordingly, the number of treatments having D
of less than 15% were 18 and 12 (out of 23), less than 30% were 23 and
19 (out of 23), more than 30% were 0 and 4 (out of 23), and the

Fig. 4. Variation of WP*KR-L and WP*KR-S models
with parameters changed. WP*KR-L and WP*KR-S
are non-linear dynamic normalized water pro-
ductivity models derived using Logistic and
Sigmiod, respectively. The black line is nor-
malized water productivity (WP*) calibrated
using measured data. The remain lines are
corresponding WP* when changing one para-
meter by± 30% at a time. ∑(T/ET0)1 is stan-
dardized Σ(T/ET0). T is crop transpiration, and
ET0 is reference evapotranspiration.

Table 5
Statistical analysis of measured and simulated biomass process and final biomass (B) of maize for seed production under different irrigation treatments from the
second group of experiments (Exp. 2) during 2012 to 2015.

Model Mean
(t ha−1)

n b0 R2 RMSE
(t ha−1)

NRMSE
(%)

EF d

biomass WP*KR-L 10.368 219 0.955 0.925 2.060 19.9 0.903 0.977
WP*KR-S 10.368 219 0.970 0.926 2.011 19.4 0.907 0.978
WP*AC 10.368 219 1.048 0.927 1.988 19.2 0.909 0.978

B WP*KR-L 17.734 23 0.967 0.523 2.147 12.1 0.509 0.819
WP*KR-S 17.734 23 0.960 0.559 2.093 11.8 0.533 0.822
WP*AC 17.734 23 1.112 0.462 3.220 18.2 −0.104 0.697

n is number of samples. WP*KR-L and WP*KR-S are non-linear dynamic normalized water productivity models derived using Logistic and Sigmiod equations, respectively.
WP*AC is normalized water productivity in AquaCrop model.
b0 is the regression coefficient through the origin, R2 is the determination coefficient, RMSE is the root mean square error, NRMSE is the normalized root mean square
error, EF is the Nash-Sutcliffe model efficiency coefficient, and d is the Willmott’s index of agreement. Measured biomass and simulated biomass by WP*AC are cited
from Ran et al. (2018).
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maximum D were 29.6% and 53.6%, respectively. These results suggest
that the WP*KR-L model was better at simulating final biomass. Con-
sidering the calibration and validation results, WP*KR-L was then used as
the improved WP* model for the yield simulation.

4.2.2. Harvest index simulation
The measured and simulated HI distributed near the 1:1 line for the

HIKR-J, HIKR-M, HIKR-B, and HIKR-S models (Fig. 7a–d), except for the
HIAC model, which significantly deviated from the 1:1 line (Fig. 7e).
More importantly, all new HI models were more sensitive to water
stress compared to the original HIAC model, which remained constant
under different irrigation conditions. For HIKR-M model b0, R2, RMSE,
NRMSE, EF and d between the measured and simulated harvest index
were 0.980, 0.555, 3.486%, 11.2%, 0.552 and 0.831, respectively,

which were better than that for other HI modes (Table 6). The cross
validation results proved the validity of the new developed HI models,
with R2 ranging from 0.514 to 0.577 and NRMSE ranging from 10.9%
to 21.7% (Table 7). For HIKR-M and HIAC, the treatment numbers with D
of less than 5% were 7 and 6 (out of 23), respectively (Table 9). Ac-
cordingly, the treatment numbers with D of less than 15% were 20 and
17 (out of 23), less than 30% were 23 and 20 (out of 23), more than
30% were 0 and 3 (out of 23), and the maximum D were 24.3% and
94.3%, respectively (Table 9), indicating that the accuracy of the HIKR-M
model was improved. Considering the above-mentioned evaluation in-
dices, the newly developed HIKR-J and HIKR-M, HIKR-B and HIKR-S models
were successful, and the HIKR-M model was the best model, and was
then used as the improved HI model for the yield simulation.

Fig. 5. Comparison of simulated biomass accumulation using WP*KR-L, WP*KR-S and WP*AC models and measured values of maize for seed production under different
irrigation treatments from the second group of experiments (Exp. 2) during 2012 to 2015. The red solid line, green dot dash line and black dashed line are simulated
biomass using WP*KR-L, WP*KR-S and WP*AC models, respectively. The blue dots are measured biomass with error bars. WP*KR-L and WP*KR-S are non-linear dynamic
normalized water productivity models derived using Logistic and Sigmiod equations, respectively. WP*AC is the constant normalized water productivity in AquaCrop.
DAP is days after planting. Measured biomass and simulated biomass by WP*AC are cited from Ran et al. (2018). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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4.2.3. Yield simulation
The simulated and the measured yields were distributed near the

1:1 line for the AquaCrop-KR model (Fig. 8). In addition, when the
measured yield was lower due to water stress, the simulated yield by
the original AquaCrop model deviated from the 1:1 line, while the si-
mulated yield by AquaCrop-KR remained near the 1:1 line (e.g.,
2013W3), indicating that the AquaCrop-KR model owns the capability
to simulate maize yield under different irrigation scenarios. For the
AquaCrop-KR model the b0, R2, RMSE, NRMSE, EF and d between the
measured and simulated yields were 0.950, 0.653, 0.901 t ha−1, 16.1%,
0.642 and 0.881, respectively, which were better than that for the
original AquaCrop model (Table 8), indicating that the simulated yield
by AquaCrop-KR was closer to the measured value with smaller re-
siduals. For the AquaCrop-KR and original AquaCrop models, the
number of treatments having D of less than 5% were 7 and 7 (out of 23),
respectively (Table 9). The number of treatments having D of less than
15% were 14 and 13, less than 30% were 19 and 16, more than 30%
were 4 and 7. The maximum relative errors were 38.2% and 114.9%,
respectively (Table 9), indicating that the AquaCrop-KR model had
smaller simulation error.

5. Discussion

WP* and HI are among the most sensitive of the parameters needed
to simulate crop yield in AquaCrop (Razzaghi et al., 2017), due to their
key role in determining biomass and yield development (Steduto et al.,
2009; Ran et al., 2018). In the original AquaCrop model, WP* is sim-
plified to constant values for C3 (15-20 g m−2) and C4 crops (30-35 g
m−2). This simplification greatly increases the ease use of the model,
especially when data are not available for computing WP*. However,
the simplification also eliminates the essential characteristics of bio-
mass accumulation with transpiration, which is characterized by the
“S” shape (Fig. 1). The linear model balances the errors when the

simulated biomass is overestimated and the errors when the simulated
biomass is underestimated (Figs. 1, 2b). This is the reason why the
linear model can simulate the biomass process overall with good ac-
curacy, but the accuracy for final biomass is decreased (Figs. 5, 6,
Table 5). In this study, the WP*KR-L and WP*KR-S models derived from the
Logistic and Sigmoid functions captured the “S” shape characteristics of
biomass accumulation versus transpiration, and improved the simula-
tion of final biomass, which is the most important variable for decision
making. It should be noted that small sample size of biomass mea-
surements significantly weakened the superiority of the “S” shape
models (Fig. 1a). If follow-up studies intend to reveal the variation of
WP*, the biomass sampling interval should be less than 10–15 days,
because a larger interval will result in failing to capture the char-
acteristics of biomass accumulation versus transpiration.

Many studies focus on the interannual variation of WP* as water
productivity is significantly affected by climate (Asseng and Hsiao,
2000; Steduto et al., 2007); however, few studies focus on the variation
of WP* within the growing season. This study demonstrates that WP*

varied within the growth season from mathematical and observational
standpoints (Fig. 3). Usually, with increase of stomata opening, tran-
spiration increase proportionally, whereas photosynthesis will saturate
at certain point (Wang and Liu, 2003; Kang and Zhang, 2004). This
suggests that the ratio between photosynthesis and transpiration, i.e.
leaf scale water productivity, is not a constant. Chen (2015) studied the
gross primary productivity (GPP), net ecosystem productivity (NEP)
and ET with EC methods over maize for seed production under film drip
irrigation at the same site of this study. They found that the ratio of GPP
(or NEP) to the corresponding ET, i.e. canopy scale water productivity,
is relatively low at early growth stages, increases during growth be-
cause the increment of photosynthetic rate is higher than that of ET (Bai
et al., 2015), canopy scale water productivity reaches a maximum at
mid-growth stage, then decreases during senescence (Appendix B, data
unpublished). Stella et al. (2009) and Zhan et al. (2016) also found at
similar pattern for the variation of canopy scale water productivity on
maize with the EC technique. Zhao et al. (2007) and Bai et al. (2015)
reported similar variation of water productivity at the canopy scale for
winter wheat and cotton, respectively. These studies verify that water
productivity varies within the growing season, in line with our results
for WP*. However, conventional view holds that biomass and water
consumption are linearly related for the entire growing season, i.e. WP*

does not change (de Wit, 1958; Steduto, 2003; Steduto and Albrizio,
2005; Steduto et al., 2007). The underlying biochemical processes
conveying informations about enzymatic activity might helps to inter-
pret the variation of WP* during growth period, but are beyond the
scope of our study.

One crucially important parameter in the newly developed WP*KR-L
and WP*KR-S models is Bm, which owns definite physiological meaning,
and should be a constant for a specific variety. Bm should be carefully
assigned, because it directly determines the maximum scope of the si-
mulated biomass. Although the new WP* models are more complex
than the linear model, the parameters are relatively easy to obtain,
especially for Bm, which is easy to get through field data, published
literature or farmers’ experience. Crops might also be grouped in classes
having a similar Bm, which helps to adopt similar WP*KR-L (or WP*KR-S)
curves for different crops. Abstracting the relationship between mea-
sured biomass and transpiration in maize on light sandy loam soil in
arid inland climate (Fig. 2a) to a mathematical equation with physio-
logical parameters (Fig. 2b) facilitates the application of the new WP*

model in other kind of herbaceous crops, types of climate, soils, and
drought by stretching the shape of standardized WP* curve in Fig. 3.
When applying the WP*KR-L (or WP*KR-S) model, the cumulative nor-
malized T (Σ(T/ET0)) on the abscissa is actually similar to the DAP or
GDD, representing the phenology. If due to water stress, the Σ(T/ET0) is
lower than the potential Σ(T/ET0), then Σ(T/ET0) in WP*KR-L (or WP*KR-S)
curve is automatically stretched to match the actual Σ(T/ET0), i.e. the
actual pattern of the curve is kept. This is also the reason why we

Fig. 6. Comparison of simulated final biomass (B) using WP*KR-L, WP*KR-S and
WP*AC models and measured values of maize for seed production under different
irrigation treatments from the second group of experiments (Exp. 2) during
2012 to 2015. The red, green and blue dots are simulated B using WP*KR-L, WP*KR-
S and WP*AC models, respectively, and the corresponding colored lines with grey
bands are trend lines with their 95% confidence intervals. WP*KR-L and WP*KR-S
are non-linear dynamic normalized water productivity models derived using
Logistic and Sigmiod equations, respectively. WP*AC is the constant normalized
water productivity in AquaCrop. Measured and simulated B by WP*AC are cited
from Ran et al. (2018). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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standardize Σ(T/ET0) to [0, 1] (Σ(T/ET0)1) for a more generic form.
Thus the WP*KR-L (or WP*KR-S) model will not overestimate biomass under
water stress conditions compared to a linear model (e.g., Fig. 5
2013w3), because each water stress treatment will undergo a complete
WP*KR-L (or WP*KR-S) curve. Furthermore, for crops with yield that are

rich in lipids or proteins, AquaCrop adopts two different values for the
pre-anthesis and post-anthesis WP* because more energy is required
than for the synthesis of carbohydrates (Azam-Ali and Squire, 2002).
This study provides a non-linear dynamic WP* model calculating WP*

value at a daily scale, which might be applied to different types of crops
with different levels of carbohydrates, lipids and proteins by adjusting
corresponding Bm.

Four HI models: HIKR-J and HIKR-M, which are multiplicative models,
and HIKR-B and HIKR-S, which are additive models, are evaluated. The
multiplicative-type HI models imply that HI will be zero if there is no
transpiration in any growth stage while the additive-type HI models
mean that lack of transpiration at any growth stage may not necessarily
lead HI to zero but could severely decrease HI. By comparing with the
measured HI under different water stress conditions, the newly estab-
lished harvest index models show good simulation results (Fig. 7). This
indicates that the hypothesis of developing the relationship between HI
and crop transpiration using the form of crop water production func-
tions is feasible. Crop transpiration is a more intrinsic indicator to re-
flect water stress than soil water content (e.g. Denmead and Shaw,
1962).

All the parameters in the new HI models are physiologically
meaningful. HIm is the ratio of the yield to the total aboveground bio-
mass that will be reached at maturity for non-stressed conditions, which
is a conservative cultivar-specific parameter. HIm should be carefully
identified, because the uncertainty of HIm will bring systematic over-
estimation or underestimation of actual HI for all treatments. The

Fig. 7. Comparison of measured and simulated
harvest index (HI) of maize for seed production
under different irrigation treatments from the
second group of experiments (Exp. 2) from
2012 to 2015. The blue dashed lines with grey
bands are trend lines with 95% confidence in-
tervals. HIKR-J and HIKR-M are new water deficit
multiplicative-type HI models developed from
Jensen and Minhas equations, respectively;
HIKR-B and HIKR-S are new water deficit ad-
ditive-type HI models developed from Blank
and Stewart equations, respectively. HIAC is the
sub-HI model in the AquaCrop model.
Measured HI and simulated HI by the HIAC
model are cited from Ran et al. (2018). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

Table 6
Statistical analysis of the parameterized harvest index (HI) models for maize for
seed production under different irrigation treatments from the second group of
experiments (Exp. 2) during 2012 to 2015.

Rank Model Mean
(%)

n b0 R2 RMSE
(%)

NRMSE
(%)

EF d

1 HIKR-M 31.1 23 0.980 0.555 3.486 11.2 0.552 0.831
2 HIKR-J 31.1 23 0.947 0.562 3.885 12.5 0.443 0.842
3 HIKR-S 31.1 23 0.945 0.569 3.931 12.7 0.430 0.843
4 HIKR-B 31.1 23 1.164 0.569 6.752 21.7 −0.681 0.706
5 HIAC 31.1 23 1.027 0.046 5.423 17.5 −0.084 0.312

HIKR-J and HIKR-M are new water deficit multiplicative-type HI models devel-
oped from Jensen and Minhas equations, respectively; HIKR-B and HIKR-S are
new water deficit additive-type HI models developed from Blank and Stewart
equations, respectively. HIAC is the sub-HI model in the AquaCrop model.
n is the number of samples. b0 is the regression coefficient through the origin,
R2 is the determination coefficient, RMSE is the root mean square error, NRMSE
is the normalized root mean square error, EF is the Nash-Sutcliffe model effi-
ciency coefficient, and d the is Willmott’s index of agreement. Measured HI and
simulated HI by HIAC model are cited from Ran et al. (2018).
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sensitivity index or coefficient (ζ, μ, ε and ω) captures the essence of the
complex linkages between HI and water stress, where many biophysical
processes are involved (e.g. Andersen et al., 2002). It seems feasible to
calibrate ζ, μ, ε and ω following the pattern in FAO 33 in this study
(Fig. 7; Table 7), however, only the fitted ζ2, μ2, ε2 and ω2 at the
flowering stage are significant and ζ, μ, ε and ω at the other two stages
are not significant (Table 3). This indicates that ζ, μ, ε and ω at the
vegetative and reproductive growth carry more uncertainties, and need
more measured data to justify. The calibrated ζ, μ, ε and ω in new HI
models are lower than the reference value in crop water production
functions (Table 3). This fact may be justified because water stress also
decreases biomass which also brings loss in Y. No other comparisons for
ζ, μ, ε and ω are made due to a lack of similar studies on HI. Considering
the limited data and treatments in this study, the ζ, μ, ε and ω in the
four HI models need to be further calibrated and validated under longer
time series and more irrigation scenarios. Moreover, the four new HI
models should be improved in future studies. For example, this study
does not distinguish the transpiration of male and female parents. The
accuracy of the developed HI models may be more accurate if con-
sidering the transpiration of the male parent before the end of polli-
nation and the transpiration of the female parent over the whole growth
period.

The main objective of this study is to share some new alternative
possibilities and models for simulating WP* and HI under stress con-
dition in arid regions, which has potential for application to other kind
of herbaceous crops, type of climate, soil types, and abiotic stresses. The
developed HI model is proposed as a method to estimate yield in con-
junction with a WP*-based method to simulate biomass production. The
combination results in a yield model entirely based on crop transpira-
tion. This confirms that the crop transpiration can be used as a driving
factor for yield simulation. In comparison to the original AquaCrop
model, AquaCrop-KR based on WP*KR-L and HIKR-M models decreases the
error in yield simulation (Fig. 8). It strongly suggests that the newly
developed WP* and HI models are helpful modifications for improving
yield simulation, especially for severe water stress conditions. However,
the newly developed WP* models increased the number of parameters,
and the sensitivity index (coefficient) in newly HI models need suffi-
cient data including various irrigation treatments to be calibrated cor-
rectly. If enough data are available to obtain these parameters, we
propose to adopt the new WP* and HI models. Otherwise, the original
AquaCrop is recommended, given it has acceptable performance and
needs fewer parameters (Hsiao et al., 2009; Heng et al., 2009; Ran
et al., 2018).

Table 7
Validation of the four new harvest index (HI) models on maize for seed pro-
duction under different irrigation treatments from the second group of ex-
periments (Exp. 2) during 2012 to 2015 with leave-one-out cross validation
approach.

Models Calibration Validation

Year n R2 NRMSE
(%)

Year n R2 NRMSE
(%)

HIKR-J 2013, 2014, 2015 17 0.575 13.7 2012 6 0.020 9.0
2012, 2014, 2015 20 0.339 12.8 2013 3 0.936 9.1
2012, 2013, 2015 16 0.632 13.3 2014 7 0.627 10.2
2012, 2013, 2014 16 0.736 9.5 2015 7 0.541 16.9
Mean 0.571 12.3 0.531 11.3

HIKR-M 2013, 2014, 2015 17 0.567 12.0 2012 6 0.019 9.1
2012, 2014, 2015 20 0.269 11.6 2013 3 0.999 8.2
2012, 2013, 2015 16 0.691 9.9 2014 7 0.573 14.4
2012, 2013, 2014 16 0.693 10.2 2015 7 0.466 14.5
Mean 0.555 10.9 0.514 11.6

HIKR-B 2013, 2014, 2015 17 0.583 21.2 2012 6 0.020 22.8
2012, 2014, 2015 20 0.344 21.8 2013 3 0.939 20.2
2012, 2013, 2015 16 0.638 18.5 2014 7 0.630 28.4
2012, 2013, 2014 16 0.734 25.1 2015 7 0.556 12.7
Mean 0.575 21.7 0.536 21.0

HIKR-S 2013, 2014, 2015 17 0.583 13.9 2012 6 0.020 9.0
2012, 2014, 2015 20 0.352 12.8 2013 3 0.924 11.0
2012, 2013, 2015 16 0.638 13.5 2014 7 0.630 10.1
2012, 2013, 2014 16 0.734 9.6 2015 7 0.556 17.1
Mean 0.577 12.5 0.533 11.8

HIKR-J and HIKR-M are new water deficit multiplicative-type HI models devel-
oped from Jensen and Minhas equations, respectively; HIKR-B and HIKR-S are
new water deficit additive-type HI models developed from Blank and Stewart
equations, respectively. n is number of samples. R2 is the determination coef-
ficient, and NRMSE is the normalized root mean square error.

Fig. 8. Comparison of measured and simulated yield (Y) of maize for seed
production under different irrigation treatments from the second group of ex-
periments (Exp. 2) from 2012 to 2015. The red and blue dots are simulated Y
using AquaCrop-KR and AquaCrop, respectively, and the corresponding colored
lines with grey bands are trend lines with their 95% confidence intervals.
2013W3 represents the most severe water stress treatment. AquaCrop-KR
means yields calculated based on WP*KR-L and HIKR-M models. WP*KR-L is a non-
linear dynamic normalized water productivity model derived using the Logistic
equation. HIKR-M is a water deficit multiplicative harvest index model devel-
oped using the Minhas equation. Measured Y and simulated Y by AquaCrop are
cited from Ran et al. (2018). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).

Table 8
Statistical analysis of measured and simulated yield (Y) of maize for seed pro-
duction under different irrigation treatments from the second group of ex-
periments (Exp. 2) during 2012–2015.

Models Mean
(t ha−1)

n b0 R2 RMSE
(t ha−1)

NRMSE
(%)

EF d

AquaCrop-KR 5.598 23 0.950 0.653 0.901 16.1 0.642 0.881
AquaCrop 5.598 23 1.120 0.496 1.466 26.2 0.055 0.681

AquaCrop-KR is the yield calculation model based on WP*KR-L and HIKR-M. WP*KR-
L is non-linear dynamic normalized water productivity models derived using the
Logistic equation. HIKR-M is a water deficit multiplicative harvest index model
developed based on the Minhas equation. Measured yield and simulated yield
by AquaCrop are cited from Ran et al. (2018).
n is the number of samples. b0 is the regression coefficient through the origin,
R2 is the determination coefficient, RMSE is the root mean square error, NRMSE
is the normalized root mean square error, EF is the Nash-Sutcliffe model effi-
ciency coefficient, and d is the Willmott’s index of agreement.
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6. Conclusions

The newly developed WP*KR-L model improved the simulation ac-
curacy of biomass, especially for the final biomass. The newly devel-
oped HIKR-M model was more sensitive to water stress than the HI sub-
model of the original AquaCrop model. The accuracy of yield was
higher when calculated based on the WP*KR-L and HIKR-M models.
Therefore, the WP*KR-L and the HIKR-M models can be recommended for
simulating the biomass and harvest index, and should be tested in other
crops and regions. The newly established WP*KR-L and HIKR-M models are
driven by crop transpiration, indicating that crop transpiration can be
used as a driving factor for yield simulation in the future.
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Appendix A

Mathematical derivation process of WP*KR-L and WP*KR-S from Logistic and Sigmoid equation.
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Table 9
Comparison of measured and simulated final biomass (B), harvest index (HI) and yield (Y) of maize for seed production with the AquaCrop-KR and original AquaCrop
models under different irrigation treatments from the second group of experiments (Exp. 2) during 2012–2015.

Year Treatment Bmea
(t ha−1)

BKR-L
(t ha−1)

D
(%)

BAC
(t ha−1)

D
(%)

HImea
(%)

HIKR-M
(%)

D
(%)

HIAC
(%)

D
(%)

Ymea
(t ha−1)

YAC-KR
(t ha−1)

D
(%)

YAC
(t ha−1)

D
(%)

2012 CK 23.928 18.881 −21.1 21.399 −10.6 30.0 33.0 10.2 33.0 10.2 7.167 6.231 −13.1 7.062 −1.5
SD 20.621 18.980 −8.0 21.680 5.1 34.6 33.0 −4.8 33.0 −4.7 7.141 6.259 −12.3 7.155 0.2
JD 18.208 18.894 3.8 21.428 17.7 38.2 33.0 −13.7 33.0 −13.7 6.961 6.235 −10.4 7.071 1.6
HD 17.680 18.910 7.0 21.483 21.5 36.3 33.0 −9.2 33.0 −9.2 6.424 6.240 −2.9 7.084 10.3
FD 19.244 18.985 −1.3 21.674 12.6 31.5 33.0 4.6 33.0 4.7 6.066 6.261 3.2 7.153 17.9
MD 22.576 18.916 −16.2 21.490 −4.8 31.2 33.0 5.6 33.0 5.6 7.054 6.242 −11.5 7.092 0.5

2013 W1 15.041 18.876 25.5 21.384 42.2 32.4 33.0 1.9 33.0 1.9 4.871 6.229 27.9 7.056 44.9
W2 10.780 13.970 29.6 16.563 53.6 26.4 27.2 3.1 32.8 24.3 2.848 3.803 33.5 5.438 91.0
W3 11.357 10.348 −8.9 12.565 10.6 16.5 17.9 8.5 32.1 94.3 1.876 1.854 −1.1 4.033 114.9

2014 W1 20.828 19.028 −8.6 22.231 6.7 30.8 33.0 7.1 33.0 7.1 6.418 6.279 −2.2 7.336 14.3
W2 16.446 18.280 11.2 21.470 30.5 26.5 32.9 24.3 33.0 24.4 4.359 6.022 38.2 7.082 62.5
W3 14.459 15.505 7.2 19.096 32.1 23.0 28.5 24.0 32.8 42.9 3.320 4.415 33.0 6.265 88.7
CK 18.364 18.877 2.8 21.839 18.9 36.2 33.0 −8.8 33.0 −8.8 6.643 6.229 −6.2 7.207 8.5
IV3 17.894 19.009 6.2 22.217 24.2 35.7 33.0 −7.6 33.0 −7.6 6.389 6.269 −1.9 7.331 14.7
IV2 17.900 18.807 5.1 21.698 21.2 30.1 33.0 9.6 33.0 9.7 5.386 6.204 15.2 7.160 32.9
IR2 15.471 15.490 0.1 19.060 23.2 24.9 28.5 14.3 32.8 31.7 3.855 4.413 14.5 6.253 62.2

2015 CK 21.447 18.854 −12.1 21.613 0.8 35.5 33.0 −7.0 33.0 −7.0 7.608 6.222 −18.2 7.132 −6.3
IV3 19.299 18.276 −5.3 19.765 2.4 33.6 32.7 −2.6 32.9 −2.2 6.481 5.978 −7.8 6.494 0.2
IR3 17.744 17.402 −1.9 20.674 16.5 31.4 32.3 2.9 32.9 4.9 5.569 5.618 0.9 6.807 22.2
IV2 17.653 17.712 0.3 18.819 6.6 40.2 31.5 −21.5 32.1 −20.3 7.096 5.587 −21.3 6.032 −15.0
IR2 17.587 13.400 −23.8 16.157 −8.1 28.4 24.7 −13.0 32.3 13.6 4.993 3.312 −33.7 5.213 4.4
IV1 17.371 17.211 −0.9 18.139 4.4 32.3 31.0 −3.8 31.9 −1.3 5.606 5.343 −4.7 5.778 3.1
IR1 15.990 14.964 −6.4 18.052 12.9 28.9 26.0 −9.8 32.6 13.0 4.613 3.895 −15.6 5.887 27.6

BKR-L is the calculated B based onWP*KR-L model. HIKR-M is the calculated HI based on the HIKR-M model. YAC-KR is the calculated yield based on AquaCrop-KR with the WP*KR-
L and HIKR-M models. WP*KR-L is a non-linear dynamic normalized water productivity models derived using Logistic equation. HIKR-M is a water deficit multiplicative harvest
index model developed based on the Minhas equation. The subscript ‘mea’ refers to measured values, and D is the relative error. Measured B, HI and Y and their simulations
by AquaCrop are cited from Ran et al. (2018).
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Appendix B

Seasonal variations of water use efficiency (WUE) on gross primary productivity (GPP) (a) and net ecosystem productivity (NEP) levels (b) for
maize for seed production from sowing to maturing under film drip irrigation in 2014 in Northwest China. Cited from Chen (2015).
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