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A B S T R A C T   

Water and nitrogen (N) are critical determinants of crop water productivity (WP) and N uptake (Nuptake), and are 
also key factors in crop modelling. Through a two-year field experiment with three irrigation levels (full irri
gation (W1), moderate water stress (W0.75), and severe water stress (W0.5)), three N application rates (150, 75, 
and 0 kg N ha− 1, i.e., N150, N75, and N0) and three replications for each treatment in Northwest China, we 
quantified the effects of water and N stress on the growth, yield, and water and N use efficiency (WP and NUE) of 
hybrid seed maize (Zea mays L. cv. Tianruifeng). Furthermore, nonlinear dynamic water productivity (WP) 
models and water (ET)-based Nuptake models were developed. The results showed that water stress had a larger 
impact than N stress on the growth and yield of maize, with water stress reducing yield (Y), final aboveground 
biomass (B), and N uptake by 36.5%, 15.4%, and 25.7% on average, respectively, and N stress decreasing them 
by 18.7%, 12.3%, and 13.6%, respectively. Biomass-based water productivity (WPB-ET) and yield-based water 
productivity (WPY-ET) at the end of the growth period responded differently to water stress but similarly to N 
stress because of a higher decrease of harvest index (HI) under water stress than under N stress. Specifically, WPY- 

ET decreased significantly while WPB-ET kept relatively stable as water stress increased. The variation of the 
measured WP during the growth period presented a single peak trend. The Logistic, Sigmoid, and Linear models 
showed similar high accuracy for quantifying the relationship between evapotranspiration accumulation and 
biomass growth. However, the derived WP values from the nonlinear dynamic models were more in line with the 
single peak variation of the measured WP during the growth period, with the agreement index (d) improved from 
0.21 to 0.65–0.75 in comparison to the Linear model. The developed ET-based N accumulation models can 
quantify N uptake through evapotranspiration. The results can contribute to improving the accuracy of crop 
modelling under drought stress conditions, and the design of irrigation and N management in arid and semi-arid 
regions.   

1. Introduction 

The area of water-saving irrigation in China has increased from 27.3 
million ha to 37.8 million ha from 2010 to 2020, while agricultural 
fertilizer application decreased to 51.9 million tons in 2021 after 
reaching a peak of 60.2 million tons in 2015, with nitrogen (N) fertilizer 
application declining from 24.0 million tons to 18.3 million tons from 
2012 to 2020 (National Data, 2022). Reducing the consumption of water 
and N resources is needed for the future sustainable development of 
agriculture in arid and semi-arid regions under the context of climate 

change, because of limited water and damaging environmental impacts 
of excess N (Zhang et al., 2015; Kang et al., 2017). Therefore, research 
on the response of crop growth and resource use efficiency to water and 
N stress and its simulation in models is necessary for informing optimal 
water and N management strategies, synergistically improving yields 
and water and N use efficiencies, and promoting sustainable agricultural 
development and ensuring food security in these regions. 

Water productivity (WP) is a key indicator to investigate water 
management and sustainable development of agriculture in arid and 
semi-arid regions. Current studies on WP include comprehensive 
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evaluation of the final WP at the end of the growth season (Ran et al., 
2017; El-Sanatawy et al., 2021; Kang et al., 2021; Lu et al., 2022), and 
investigation of the dynamic processes of WP during the growth period 
(Steduto et al., 2007; Ran et al., 2019). Several studies have reported 
that water stress during the whole growth period significantly decreases 
yield-based water productivity (WPY-ET) (Wang et al., 2019; Ye et al., 
2022). However, biomass-based water productivity (WPB-ET) of maize 
responded insignificantly to water stress under 100–500 kg N ha− 1 N 
application conditions (Ran et al., 2017). N application usually increases 
both WPY-ET and WPB-ET (Ran et al., 2017; Li et al., 2019; Guo et al., 
2022; Zhang et al., 2022). In addition, the variation of the final WPY-ET is 
highly related to the time, duration, and extent of water stress. For 
example, Kang et al. (2000) revealed that maize yield responds insig
nificantly to water stress at the seedling stage, resulting in an increase in 
WPY-ET. A comparison of the responses of WPY-ET and WPB-ET to water 
and N stress is lacking. Ran et al. (2017) found a difference in the 
response of WPY-ET and WPB-ET to water stress at relatively high N 
application levels, without fully taking into account zero N application 
conditions. On the other hand, WP is normally considered as a constant 
during the growth period (Steduto et al., 2007; Tsegay et al., 2011; 
Adeboye et al., 2017). However, Hsiao et al. (2009) observed a law of 
increasing, then stabilizing and finally decreasing WP along the maize 
growth period by fitting the relationship between measured biomass and 
evapotranspiration accumulation. Ran et al. (2019) further quantified 
the dynamic process of WP using Logistic and Sigmoid models and 
improved the accuracy of crop modelling under non-stress conditions in 
comparison to a fixed WP. Logistic and Sigmoid models have the 
advantage of capturing the “S” shape characteristics of biomass accu
mulation versus transpiration in comparison to Linear models, and WP 
derived from the Logistic and Sigmoid models is a bell curve instead of a 
constant (Ran et al., 2019). However, the nonlinear dynamic WP model 
developed by Ran et al. (2019) did not consider N stress. Therefore, it is 
necessary to further investigate the response of final WPY-ET and WPB-ET 
at the end of the crop growth season to water and N stress, as well as the 
dynamic change of WP to water and N stress and its modelling during 
the crop growth period. 

Nitrogen use efficiency (NUE) is typically evaluated to determine the 
capability of crop uptake of N fertilizer from the soil. Many studies 
demonstrated that N application can increase the effectiveness and 
accessibility of soil available N (Ashraf et al., 2016), promote crop N 
assimilation (Santachiara et al., 2018), maintain the grain filling process 
and yield formation in the reproductive growth stage (Li et al., 2022a,b; 
Liu et al., 2022), and enhance N harvest index (NHI) and N seed pro
duction efficiency (NUEg) (Che et al., 2015). However, extra N appli
cation does not show a significant advantage on maize biomass 
accumulation nor on yield, rather reduced N recovery efficiency (REN) 
and yield-based N use efficiency (NUEyield) (Wang et al., 2019; Ye et al., 
2022), resulting in an increased N mineralization rate (Tarkalson et al., 
2022). Recent studies have further identified significant correlations 
between soil water status and N uptake (Qiang et al., 2022; Wang et al., 
2022; Zhang et al., 2022), and found that water stress inhibits maize N 
uptake and utilization (Guo et al., 2022; Jégo et al., 2022). Tarkalson 
et al. (2022) showed that overwatering decreases NUE and yield. 
However, current studies mainly qualitatively analyze the relationship 
between water status and N uptake, and quantitative models are lacking. 
Therefore, there is a need to further investigate the quantitative rela
tionship between N uptake and water status (ET) of maize at each 
growth stage, and provide a simple way to diagnose the N nutrient status 
of crops through crop water conditions. 

In this study, we hypothesize that WP responds differently to water 
and N stress, and N accumulation can be quantified through evapo
transpiration. To address the above issues, we conducted a two-year 
field experiment with nine irrigation and N treatments each year in 
arid Northwest China to quantify the influence of water and N stress on 
the growth and resource use efficiencies of maize and develop corre
sponding process-based dynamic models. The objectives of this study 

were to (1) explore the response of final WP and NUE to water and N 
stress; (2) improve nonlinear dynamic WP models by accounting for 
stress conditions; (3) develop an ET-based N uptake model, so as to 
support water saving and N reduction strategies in arid Northwest 
China. 

2. Materials and methods 

2.1. Experimental site and its description 

The experiment was conducted at the National Scientific Field 
Observation and Research Station for Efficient Water Use in Oasis 
Agriculture in Wuwei, Gansu Province (102◦50′E, 37◦52′N, elevation 
1581 m) in 2018 and 2019. The region has a typical temperate conti
nental arid climate with an average annual precipitation of 164 mm, 
average annual temperature of 8 ℃, and total annual accumulated 
temperature of 3550 ℃ d (Yuan et al., 2019; Liao et al., 2022). The soil is 
silty loam with an average bulk density of 1.4 g cm− 3 for 0–100 cm soil 
layers, field capacity of 0.3 cm3 cm− 3, and wilting coefficient of 0.1 cm3 

cm− 3 (Ran et al., 2018). 

2.2. Experimental methods 

In this experiment, the variety of hybrid seed maize was Tianruifeng. 
A complete 2 × 3 factorial design was used, which had two factors 
(water and nitrogen), each with three levels. Three independent repli
cations were taken at each of the 9 (32) treatment combinations, 
resulting in a total of 27 (32 ×3) experimental plots. The layout of the 
plots followed a randomized complete block design. The three irrigation 
levels were full irrigation (W1), moderate deficit irrigation (W0.75), and 
severe deficit irrigation (W0.5), and the three N-fertilization rates con
sisted of applications of 150 (N150), 75 (N75), and 0 kg N ha− 1 (N0) (see 
supplementary material, Table S1). Irrigation was controlled according 
to the actual soil water content of the W1N150 treatment. In order to 
ensure that no water stress occurred during the growth period of the 
W1N150 treatment, the soil water content in the root zone was main
tained at no less than 65% of the field capacity (Ran et al., 2017). The 
soil water content for each of the three plots of the W1N150 treatment 
was monitored with an interval of 10–15 days during the non-intensive 
evapotranspiration period and an interval of 5–7 days during the 
intensive water consumption period. Irrigation was applied when the 
soil water depletion touched the lower threshold of 65% of the field 
capacity. The irrigation amount for the W1 level was calculated based on 
the difference between actual soil water content and the upper threshold 
of field capacity. The irrigation depth of the W0.75 and W0.5 levels was 
75% and 50% of the W1 irrigation depth, respectively. The same irri
gation depth was applied to ensure the emergence of maize in all 
experimental plots each year (Table S1). The application of N fertilizer 
was divided into base N and top dressing N with a 1:1 ratio. The base N 
was applied 5 cm below the soil surface before planting, and the top 
dressing was applied through irrigation during the jointing stage of the 
female plants. 

Maize was sowed on 15 April and harvested in mid-September in 
2018 and 2019. It was planted with five rows of female plants and one 
row of male plants. The plant spacing was 0.25 m and row spacing was 
0.4 m, with a planting density of 100,000 plants ha− 1. The experimental 
plot area was 24 m2, and each plot was separated by ridges with a width 
of 0.4 m and a height of 0.3 m. Bulk rows were planted between the plots 
to avoid the edge effect on crop growth and resource use. The irrigation 
method was border irrigation on plots fully covered with perforated 
plastic mulch. The N, phosphate, and potassium fertilizer were urea (N 
≥ 46%), phosphorus pentoxide (P2O5 ≥ 16%), and potassium oxide 
(K2O ≥ 51%), respectively. The field management of weeding, disease 
and pest control, and phosphate and potassium fertilizer application is 
consistent with local agricultural production. 
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2.3. Measurements 

Meteorological data were collected every 15 min using the weather 
station (Hobo, Onset Computer Crop., USA) located at the experimental 
site. Measurements included solar radiation, air temperature, wind 
speed at 2 m aboveground, relative humidity, and precipitation. Daily 
precipitation and temperature during the maize growth period are 
shown in Fig. S1. 

During the maize growth period, aboveground biomass was sampled 
every 10–15 days. Three whole plants were randomly selected and cut 
off from the ground for each treatment each time, and all plants sampled 
were manually divided into leaves (including all green and dead leaves), 
stems (including all stems and leaf sheaths), and ears (including all 
husks, cobs, and kernels), separately. They were firstly dried at 105 ◦C 
for 30 min to deactivate enzyme activity, then dried to constant weight 
at 70 ◦C and weighed. The mean value of the three sampled plants from 
repeated plots is taken as the aboveground biomass of the corresponding 
treatment. At the end of the growth period, all plants in a 1 m2 square 
area in the center of each plot were cut to measure final biomass and 
yield. Each plant was manually divided into three parts of stem, leaf, and 
ear, and the ear was subdivided into husk, cob, and kernel. The drying 
method and the way for calculating the mean value for each treatment 
were the same as the time series plant samples. The yield was converted 
from the oven drying weight of the kernel to the weight with a water 
content of 13% for comparison between different treatments. 

Soil water content was measured using the oven drying method 
every 10–15 days. Three sampling sites were taken for each treatment 
from the three corresponding replicated plots. Each sampling site was 
set at the center of four adjacent plants in two rows. Soil samples were 
collected at 0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 
80–100 cm depths using a stainless-steel soil auger. The auger holes 
were refilled with the surrounding soil after each sampling to avoid 
significant preferential flow during irrigation and heavy rainfall. Soil 
samples were dried to constant weight in an oven at 105 ◦C for 8 h. 
Volumetric water content was obtained by multiplying gravimetric 
content by bulk density. The weighted average soil water content of each 
soil layer was then calculated for each replication. The mean value of the 
three sampling sites represented the soil water content of the corre
sponding treatment. 

Plant N concentration and accumulation were measured after each 
biomass measurement. All the divided and dried plants from each plot 
were separately ground and passed through a 0.5 mm sieve, resulting in 
three sets of sieved dry matter powder for each part of the plants for each 
treatment. Three equal amounts of 0.5 g samples, randomly taken from 
the three sets of powder for each plant part, were used to measure the N 
concentration for each treatment using the Kjeldahl method (Miao et al., 
2022) during the growth period. N uptake in the aboveground part was 
obtained by summing the product of the N concentration of each part 
and the corresponding biomass weight. The mean value of the three 
replications was taken as the plant N concentration and uptake of the 
corresponding treatment. 

Evapotranspiration (ET) was calculated using the water balance 
method, with the reference formula in Liao et al. (2022). Time series WP 
along the growth period was computed as the ratio of the difference in 
two adjacent samples of biomass (ΔB) to the difference in the corre
sponding ET samples (ΔET). The two final WP, WPB-ET and WPY-ET, were 
calculated as ratios of final biomass (B) and yield (Y) to total ET (Ran 
et al., 2017). The two irrigation water productivity indicators, WPB-I and 
WPY-I, were the ratios of final biomass (B) and yield (Y) to total irrigation 
depth (I) (Cai et al., 2021). 

N seed production efficiency (NUEg) was obtained by dividing Y by 
total aboveground N uptake (UB). N harvest index (NHI) was the ratio of 
grain N accumulation (UY) to UB (Che et al., 2015). The N recovery (REN) 
was the difference between the N uptake of the N treatment (UBN) and 
the N uptake of the non-N treatment (UB0) divided by the N application 
rate (Na) (Wang et al., 2019). Yield-based N use efficiency (NUEyield) was 

calculated as the ratio of yield (Y) to the applied N rate (Na) (Ye et al., 
2022). The actual measured ET-based N uptake rate (Nuptake-ET) was 
calculated as the ratio of the N uptake between two adjacent samples of 
aboveground biomass (ΔUB) to the corresponding ET difference (ΔET). 

2.4. Water productivity (WP) models 

2.4.1. The WPKR-L model 
The Logistic equation (Thornley, 1976) is applied to the relationship 

between crop biomass growth and evapotranspiration accumulation as 
follows: 

Bt = f
(

ET
)

=
B0Bm

B0 + (Bm − B0)e− δET (1)  

where Bt is the standardized biomass accumulation Σ(ΔBi/BW1N150), ΔBi 
is the biomass increment along the growth period of maize for the ith 
treatment, BW1N150 is the final biomass of the treatment without water 
and N stress, Bm is the standardized final biomass for each treatment (B/ 
BW1N150), B represents the final biomass for each treatment, B0 is the 
standardized initial biomass, δ is the potential biomass growth index, ET 
is the standardized cumulative crop evapotranspiration Σ(ΔETi/ 
ETWIN150), ΔETi is the time series evapotranspiration increment along 
the growth period for the ith treatment, and ETW1N150 is the final ET of 
the treatment without water and N stress. 

WPKR-L model is a nonlinear dynamic model based on the Logistic 
equation, which is obtained by deriving f(ET) as in (Ran et al., 2019): 

WPKR− L =
BmB0δ(Bm − B0)e− δET

[B0 + (Bm − B0)e− δET ]
2 (2)  

2.4.2. The WPKR-S model 
The Sigmoid equation (Thornley, 1976) is applied to the relationship 

between crop biomass accumulation and evapotranspiration as follows: 

Bt = g
(

ET
)

= Bm
(ET/ETc)

η

1 + (ET/ETc)
η (3)  

where ETc is the ET value corresponding to the half-maximum response 
of biomass, and η is a constant. 

WPKR-S model is a nonlinear dynamic WP model derived from the 
Sigmoid equation by deriving g(ET) (Ran et al., 2019): 

WPKR− S =
ηBmETc

ηET (η− 1)

(ETc
η + ETη)

2 (4)  

2.5. The N uptake model based on evapotranspiration 

Santachiara et al. (2018) showed that biomass accumulation of 
maize at different growth stages is significantly related to N uptake and 
its utilization efficiency. Here, we choose the N dilution curve to 
quantify the relationship between N status and maize growth, based on 
the equation proposed by Lemaire and Salette (1984): 

Nuptake = α(Bt)
1− β (5)  

where Nuptake is aboveground N accumulation, parameter α is N uptake 
per unit of aboveground biomass, and parameter 1-β is the isokinetic 
coefficient (ratio of relative rates) between N uptake and its growth rate. 
α is related to the amount of N applied and 1-β is determined by the N 
nutrient status (Salette et al., 1982). 

Different types of N uptake models based on ET are developed by 
taking the Logistic model (Eq. (1)), Sigmoid model (Eq. (3)), and Linear 
model into Eq. (5), respectively: 

Nuptake = α(Bti)
1− β (6)  

where Bti represents the simulated biomass using the Logistic model, 
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Sigmoid model, and Linear model, respectively. 
The N uptake rate (Nuptake-ET) model based on ET can be obtained by 

deriving ET in Eq. (6) as follows: 

Nuptake− ET =
d
(
Nuptake

)

d(ET)
= α

(

1 − β
)

(Bti)
− β d(Bti)

d(ET)
= α

(

1 − β
)

(Bti)
− βWPti

(7)  

where WPti represents the simulated WP using the Logistic model, Sig
moid model, and Linear model, respectively. 

2.6. Statistical analysis 

Five statistical indices are adopted to estimate the accuracy of the 
models. They are coefficient of determination (R2), adjusted coefficient 
of determination (R2

adj), root mean square error (RMSE), normalized root 
mean square error (NRMSE), and Willmott’s index of agreement (d). 
Their formulas can be found in Ran et al. (2019). R2 can show the 
proportion of variance in the dependent variable that is explained by the 
model. R2

adj is adjusted R2, which takes into account the number of pa
rameters and the sample size. RMSE and NRMSE are adopted to 

represent overall errors between the simulated and measured values. d is 
used to measure the agreement between simulated and measured time 
series data in this study. 

3. Results 

3.1. Effects of water and N stress on maize growth and resource use 
efficiency 

Water stress reduced the final biomass (B), grain yield (Y), and 
harvest index (HI) by 15.4%, 36.5%, and 26.9% on average, respectively 
(Fig. 1). N stress showed a less negative impact compared to water stress, 
reducing B, Y, and HI by 12.3%, 18.7%, and 8.6% on average, respec
tively (Fig. 1). Yield loss due to N reduction at high and low irrigation 
levels was 14.3% and 40.1%, respectively. On the other hand, yield loss 
caused by the decrease of irrigation depth at N150 and N0 rates was 
47.3% and 64.8%, respectively (Fig. 2). The total evapotranspiration 
(ET) of different treatments ranged from 403 to 563 mm, which 
decreased by 17.4% and 3.3% due to water and N stresses on average, 
respectively (Fig. 3). WPB-ET and WPY-ET were 3.8–4.7 kg m− 3 and 
0.6–1.4 kg m− 3, respectively, with 247–428 mm irrigation and 

Fig. 1. Effects of water and nitrogen stress on aboveground biomass (B), yield (Y), seed N accumulation (UY), aboveground N accumulation (UB), biomass-based 
water productivity (WPB-ET), yield-based water productivity (WPY-ET), biomass-based irrigation water use efficiency (WPB-I), yield-based irrigation water use effi
ciency (WPY-I), harvest index (HI), nitrogen seed production efficiency (NUEg), nitrogen harvest index (NHI), nitrogen recovery efficiency (REN), and nitrogen 
fertilizer production efficiency (NUEyield). W1, W0.75, and W0.5 represent full irrigation level, mild water stress level with 75% of W1 irrigation, and severe water 
stress level with 50% of W1 irrigation, respectively. N150, N75, and N0 represent N applications of 150, 75, and 0 kg N ha− 1, respectively. According to the LSD test, 
color blocks with the same letters are not significantly different (P < 0.05). * , * *, and * ** indicate significance at P < 0.05, P < 0.01, and P < 0.001 levels, 
respectively; ns, no significance. 
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0–150 kg N ha− 1 fertilizer application. WPB-I and WPY-I were 
5.1–8.3 kg m− 3 and 1.0–2.2 kg m− 3, respectively. Water productivity 
based on ET (WPET) and the corresponding water productivity based on 
irrigation depth (WPI) were significantly correlated (P < 0.05) (Fig. 1). 
WPB-ET slightly increased by 3.2% while WPY-ET significantly decreased 

by 24.2% under water stress conditions on average. N application 
increased WPB-ET and WPY-ET by 9.1% and 16.5% on average, respec
tively (Fig. 4). The measured WP showed a single peak variation along 
the increase of ET, with the quadratic polynomial fitting (R2 =0.23, 
d=0.62) being better than the linear regression (R2 =0.00, d=0.05) 

Fig. 2. Response of yield to water and N stress under the 
four extreme water and N treatments. The filled pillars 
represent the average yield in 2018 and 2019. The empty 
pillars represent the data from Ran et al. (2017). W1 and 
W0.5 represent full irrigation level and severe water stress 
level with 50% of W1 irrigation, respectively. N500, N150, 
N100, and N0 represent 500, 150, 100, and 0 kg N ha− 1 N 
application, respectively. W1 and W3 in Ran et al. (2017) 
represent irrigated at 70–65% and 50–45% of field capac
ity, respectively. According to the LSD test, the treatments 
with the same letter are not significantly different 
(p < 0.05) in the same color bar graph.   

Fig. 3. Variation of maize evapotranspiration (ET) during the growth period under different irrigation and nitrogen treatments in 2018 and 2019. W1, W0.75, and 
W0.5 represent full irrigation level, mild water stress level with 75% of W1 irrigation, and severe water stress level with 50% of W1 irrigation, respectively. N150, 
N75, and N0 represent N applications of 150, 75, and 0 kg N ha− 1, respectively. The unit of ET is mm. Data 27–158 indicate days after sowing. * ** indicates 
significance at P < 0.001 level. ns, no significance. 
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(Fig. 5). 
The aboveground N accumulation (UB) and seed N accumulation 

(UY) of maize ranged from 140.5 to 277.5 kg N ha− 1 and 
25.0–101.0 kg N ha− 1, respectively (Fig. 1). The relationship between N 
accumulation and biomass was significantly correlated (P < 0.01) 
(Fig. 1). N application increased maize N content by 22.2% in the 
vegetative growth stage, and N uptake was reduced by 27.8% under 
irrigation and N stress conditions in the reproductive growth stage on 
average (Fig. 6). Overall, irrigation and N application improved N up
take of maize by 25.7% and 13.6% on average, respectively. The N seed 
production efficiency (NUEg), N harvest index (NHI), yield-based N use 
efficiency (NUEyield), and N recovery efficiency (REN) responding to the 
water and N combinations were 18.4–30.2 kg kg− 1, 17.9–37.3%, 
27.8–101.0 kg kg− 1, and 0.3–0.5 kg kg− 1, respectively (Fig. 1). 
Increasing irrigation depth improved NUEg, NUEyield, and NHI, whereas 
full irrigation reduced REN (Fig. S2a and S2b). N application increased 
NUEg and NHI by 8.3% and 10.5% on average, respectively, but 
decreased REN and NUEyield by 12.2% and 44.8% on average, respec
tively (Fig. S2c and S2d). 

3.2. Simulations of nonlinear dynamic WP models under water and N 
stress 

The Logistic, Sigmoid, and Linear models well represented the rela
tionship between biomass accumulation (Bt) and ET increasing along the 
growth period with R2 > 0.90 (Table S2). For all the water and N 
treatments, the Logistic, Sigmoid, and Linear models showed similar 
high accuracy for quantifying the relationship between evapotranspi
ration accumulation and biomass growth process, with R2 and NRMSE 
ranged from 0.96 to 0.99 and 7.3–16.4%, respectively (Fig. 7a and b, 
Table S2). 

The simulated dynamic and static WP curves of maize during the 
growth period from the Logistic equation, Sigmoid equation, and Linear 
model are shown in Fig. 7c, d, and Fig. S3. The dynamic WP curve 
showed a single peak in the whole growth period, which was similar to 
the pattern of measured WP (Fig. 7). For W1N150, the d between the 
simulated WP of WPKR-L and WPKR-S models and measured WP were 0.64 
and 0.73, which were higher than that of the Linear model (0.21). For 
W0.5N0, the d of the WPKR-L and WPKR-S models were 0.73 and 0.75, 
which were also higher than the 0.21 of the Linear model (Table S3). The 
WPKR-S model simulated 27.1% higher peak value of WP than the WPKR-L 
model, and also showed the peak 50.2% earlier (Fig. 7c). Water stress 
increased the peak values of WPKR-L and WPKR-S dynamic models by 

Fig. 4. Response of final biomass-based water productivity (WPB-ET) and yield-based water productivity (WPY-ET) of maize to water and nitrogen stress. The solid 
blue line represents the linear fit of the data cited from Ran et al. (2017). The red dashed and solid lines represent linear fits of the data in 2018 and 2019, 
respectively. The bold black solid line represents the linear fit for all data. 
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27.1% and 19.6% on average, respectively, and also resulted in earlier 
peaks (Fig. S3). N application increased dynamic WP at the whole 
growth stage (Fig. S3). The standardized Linear WP model simulation 
values varied from 0.9 to 1.1 under different irrigation and N treatments. 
Decreasing irrigation from 428 to 247 mm averagely increased 5.6% of 
the standardized WP values, and increasing N application from 0 to 
150 kg N ha− 1 averagely increased it by 19.1% (Table S2). 

3.3. Performance of ET-based dynamic N uptake models 

Logistic, Sigmoid, and Linear models showed similar high accuracy 
in describing the relationship between N uptake (Nuptake) and ET 
(Fig. 8a). Specifically, they were more accurate in quantifying the 
relationship between Nuptake and ET under non-stress and mild water 
and N stress treatments (R2 >0.92, NRMSE<14.7%) than under the se
vere water and N stress treatments (0.77 <R2 <0.84, 17.9%<

NRMSE<23.9%) (Fig. 8a and Table S4). However, the derived ET-based 
N uptake rates from the Logistic, Sigmoid, and Linear models showed 
large residual errors in comparison to the measured values, with NRMSE 
exceeding 30% (Table S5). In the W1N150 treatment, the ET-based N 
uptake rates simulated by the Logistic model after derivation were 0.59, 
1.25, and 0.19 at the initial, middle, and end growth stages, in com
parison to the Sigmoid model after derivation of 0.96, 2.03, and 0.13. 
While for the W0.5N0 treatment, the Logistic and Sigmoid models for N 
uptake rates simulated by the Logistic and Sigmoid models after deri
vation were 0.37, 0.92, and 0.03, and 0.35, 1.35, and 0.3, respectively 
(Fig. 8b). The peak of the Sigmoid model after derivation appeared at 
standardized ET= 0.17, while it occurred at standardized ET= 0.42 for 
the Logistic model after derivation for the W1N150 treatment. Water 
stress increased the peak value and advanced the appearance time of the 
N uptake rate, while N stress did the opposite (Fig. S4a and S4b). The ET- 
based N uptake rate simulated by the Linear model after derivation 
showed a monotonic decrease for the whole growth stage, with the 

simulated values decreasing from 2.53 to 0.64, and from 2.10 to 0.43 
along the growth period for the W1N150 and W0.5N0 treatments, 
respectively (Fig. 8b and Fig. S4c). 

4. Discussion 

4.1. The priority of water over nitrogen for maize production in arid 
northwest China 

Compared to W1N150, water stress reduced yield (Y), final above
ground biomass (B), and harvest index (HI) by 36.5%, 15.4%, and 26.9% 
on average, respectively, while N stress reduced them by 18.7%, 12.3%, 
and 8.6%, respectively (Fig. 1). This indicates that water stress has a 
greater impact on Y, B, and HI comparing to N stress, and Y is more 
susceptible to water and N stress, which is similar to the results of Li 
et al. (2020). In addition, both our results and Ran et al. (2017) showed 
that N reduction had a greater impact on yield under water stress, and 
the decrease of irrigation depth caused more yield loss under zero N 
application than the N150 rate (Fig. 2). This indicates that further 
reduction of water and N resources will increase yield loss under water 
and N stress conditions in arid Northwest China. This result is different 
from Di Paolo, Rinaldi (2008) and Ogola et al. (2002), in which the 
negative effect of water deficit is greater with higher N application. The 
reason for the difference might be that adding more water and N re
sources can mitigate the negative effects of water and N stress on yield in 
an arid climate environment. Furthermore, we also found that water 
stress reduced seed N uptake (UY), aboveground N uptake (UB), and N 
harvest index (NHI) by 42.9%, 25.7%, and 25.4% on average, respec
tively, while N stress reduced them less by 19.2%, 13.6%, and 9.2%, 
respectively (Fig. 1). This shows that water stress also has a greater 
impact on N use efficiency than N stress, which was similar to Li et al., 
2022a,b. It is more important to prioritize the soil water content to 
promote crop N uptake and yield formation because soil water 

Fig. 5. Variation of measured water productivity (WP) against evapotranspiration (ET) in 2018 and 2019. W1, W0.75, and W0.5 represent full irrigation level, mild 
water stress level with 75% of W1 irrigation, and severe water stress level with 50% of W1 irrigation, respectively. N150, N75, and N0 represent N applications of 
150, 75, and 0 kg N ha− 1, respectively. R2 is the determination coefficient. d is the Willmott’s index of agreement. 
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effectiveness affects the availability of N and crop N uptake (Pandey 
et al., 2000). Thus, we conclude that water has priority over nitrogen for 
crop production in arid Northwest China, which is consistent with the 
findings of Ran et al. (2017). 

4.2. Response of WP and NUE to water and N stress 

Our results showed WPY-ET of hybrid seed maize varied from 0.6 to 
1.4 kg m− 3, which was slightly higher than the result of 0.4–1.2 kg m− 3 

in Ran et al. (2017). Water and N stress reduced WPY-ET by 22.4% and 
16.5% on average under border irrigation and mulching conditions in 
arid Northwest China, respectively (Fig. 1). Guo et al. (2022) revealed 
that WPY-ET was reduced by 1.7% with water stress on drip irrigated 
hybrid maize in a semi-humid but drought-prone region (precipitation =
632 mm). Zhang et al. (2022) showed a reduction of WPY-ET of 10.7% in 
N stress in mulched field maize in the semi-arid Loess Plateau (precip
itation = 548 mm). These results show a smaller variation of WPY-ET 
than our results in the arid environment (164 mm), which indicates that 
WPY-ET might be more sensitive to water and N stress under an arid 
climate. On the other hand, our results showed WPB-ET varied from 3.8 to 
4.7 kg m− 3 (Fig. 1), higher than the 2.8–3.9 kg m− 3 in Ran et al. (2017), 
which is also true for WPY-ET. The systematic higher WPB-ET and WPY-ET 
might be due to the different varieties in the two studies. In addition, N 
stress reduced WPB-ET by 9.1% on average, while water stress increased 
it by 3.2% instead (Fig. 4). The variation of WPB-ET is smaller than that in 
Roja et al. (2021) (11.0%) and Adeboye et al. (2021) (29.6%). 

When comparing the responses of WPB-ET and WPY-ET to water stress, 
we found that WPY-ET decreased significantly with increasing water 
stress (Fig. 4), which is consistent with the results of other studies (Ran 
et al., 2017; Wang et al., 2019; Xing et al., 2021). However, WPB-ET 
tended to slightly (but non-significantly) increase along with increased 
water stress (Fig. 4), which is similar to the results of Ran et al. (2017). 
This indicates that WPB-ET and WPY-ET respond differently to water 
stress. The different response between WPY-ET and WPB-ET to ET is 
related to HI, which is the ratio of WPY-ET to WPB-ET. Our results showed 
that HI decreased with the increase of water and N stress, and the 
negative effect of water stress was more pronounced because of a greater 
slope (Fig. 4). Since WPB-ET is more stable than WPY-ET in response to 
water stress (Ran et al., 2017), the change of WPY-ET should be consistent 
with HI (Payero et al., 2006; Howell and Douglas, 1990). Thus, WPY-ET is 
reduced because of the potential HI being decreased by water stress. Su 
et al. (2020) reported that water stress reduces WPY-ET through yield 
loss. Several studies have shown that water stress has a facilitative effect 
on standardized water productivity (ratio of biomass to evapotranspi
ration or evapotranspiration) (Katerji et al., 2013; Hellal et al., 2019; 
Adeboye et al., 2021), which was similar to the response of WPB-ET to 
water stress in our study. On the other hand, applying N had a stimu
latory effect on both WPY-ET and WPB-ET (Fig. 4). The increase of WPY-ET 
and WPB-ET by N application might be related to the promotion of 
physiological and biochemical processes including root distribution and 
seed filling (Pico et al., 2021; Ye et al., 2022; Zhang et al., 2022). 

Irrigation significantly (P < 0.01) affected N uptake and utilization 

Fig. 6. Effect of water and nitrogen stress on nitrogen accumulation in different organs of maize at different growth stages in 2018 and 2019. W1, W0.75, and W0.5 
represent full irrigation level, mild water stress level with 75% of W1 irrigation, and severe water stress level with 50% of W1 irrigation, respectively. N150, N75, and 
N0 represent N applications of 150, 75, and 0 kg N ha− 1, respectively. According to the LSD test, the treatments with the same letters are not significantly different 
(p < 0.05) in the same color bar graph. * , * *, and * ** indicate significance at P < 0.05, P < 0.01, and P < 0.001 levels, respectively. 

J. Ran et al.                                                                                                                                                                                                                                      



Agricultural Water Management 285 (2023) 108370

9

efficiency, and water stress reduced NUEg, NUEyield, REN, and NHI 
(Fig. 1), which is consistent with other studies (Jégo et al., 2022; Lai 
et al., 2022; Li et al., 2022b). Water stress also decreased aboveground N 
uptake (UB) and seed N accumulation (UY), limited N assimilation, and 
reduced N utilization of maize. On the other hand, N application 
improved NUEg and NHI while decreasing NUEyield and REN (Fig. 1 and 
Fig. S2). This is because N application increases the availability of N to 
maize, resulting in an increased N uptake (Ashraf et al., 2016). However, 
high N application is more likely to lead to N fertilizer mineralization, 
resulting in decreased N fertilizer recovery efficiency (Wang et al., 
2019). 

4.3. Strength of nonlinear dynamic water productivity models 

Many studies have simplified the relationship between biomass 
accumulation (Bt) and transpiration (T) or evapotranspiration (ET) as a 
linear relationship, which means its slope, WP, is taken as a fixed value 
during the growth period (Steduto et al., 2007; Tsegay et al., 2011; 
Adeboye et al., 2017). However, our measured WP values were not 

constant along the growth period, which showed a single peak trend and 
had a higher correlation and agreement to the quadratic curve in com
parison to the linear regression (Fig. 5), similar to the dynamic process 
that Hsiao et al. (2009) found, i.e., increase-stable-decrease. This dy
namic process was further quantified by Ran et al. (2019) using Logistic 
and Sigmoid models, where nonlinear dynamic WP models were found 
to improve the simulation accuracy of biomass under non-stress condi
tions. From the average results for all treatments, our results showed 
that the Logistic, Sigmoid, and Linear models had similar high accuracy 
for quantifying the relationship between biomass growth and ET accu
mulation (Fig. 7a, b, and Table S2). However, the derived WP values 
from the nonlinear dynamic models were more in line with the single 
peak variation of the measured WP during the growth period, with the 
agreement index (d) improving from 0.21 to 0.65–0.75 in comparison to 
the Linear model (Fig. 5). Thus, from the perspective of WP variation, 
the nonlinear Logistic and Sigmoid models were more compatible with 
the relationship between biomass and evapotranspiration than the 
Linear model (Fig. 7c, d, and Table S3). However, some WP points in 
Fig. 5 were divergent, which means these measured WP values 

Fig. 7. Simulations of Logistic, Sigmoid, and Linear models and the corresponding derived water productivity (WP) for the high irrigation and high N treatment 
(W1N150) and low irrigation and non-N treatment (W0.5N0). 
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calculated using the intervals between every two adjacent samples 
might have large potential uncertainty. The errors might come from the 
increments of both evapotranspiration and biomass calculated using the 
intervals between every two adjacent samples. 

The magnitude and the appearance of the peak of simulated dynamic 
WP were affected by water and N stresses (Fig. 7c, d, and Fig. S3). Water 
stress increased the peak value and growth rate of WP at the vegetative 
growth stage, and the severer the stress, the more significant the in
crease. On the contrary, the WP decreased rapidly due to water stress at 
the reproductive growth stage, and the rate of decrease was significantly 
related to the degree of water stress (Fig. S3). N application increased 
the dynamic WP at the whole growth stage under water stress condi
tions, but the current N application has limited benefits for alleviating 
the effect of water stress on WP. The simulation results of nonlinear WP 
models showed that the WPKR-L and WPKR-S models underestimated WP 
in the vegetative growth stage, and the WPKR-S simulated results were 
higher than the WPKR-L with a larger peak value, while the WPKR-S 
simulated results were lower than the WPKR-L during the reproductive 
growth phase (Fig. 7c and d). The difference might be related to the 
different properties of the first-order derivative of Logistic and Sigmoid 
functions. 

4.4. Feasibility of ET-based N uptake rate models 

Many studies have found that N uptake and utilization of maize are 
affected by water availability (Jégo et al., 2022; Ye et al., 2022). The N 
cycling is regulated by water, which affects the effectiveness and 
availability of soil N for plant uptake (Ashraf et al., 2016; Li et al., 2019; 
Qiang et al., 2022; Zhang et al., 2022). Our results showed that the 
Logistic, Sigmoid, and Linear models had acceptable accuracy for 
quantifying water consumption and N uptake under different irrigation 
and N treatments (Table S4). R2 and NRMSE of the three models were 
higher than 0.92 and lower than 14.7% for no or mild water and N stress, 
and were also higher than 0.79 and lower than 23.9% for heavy water 
and N stress. (Fig. 8a and Table S4). Our results also indicate that the 

three ET-based N uptake models have high feasibility and accuracy for 
quantifying water status and N uptake of maize throughout the growth 
period. Thus, we suggest that N accumulation can be quantified through 
evapotranspiration as an alternative approach. 

The relationship between ET and N uptake in different growth stages 
of maize was significantly correlated (P < 0.01, Fig. 8a). The Logistic 
and Sigmoid models also showed single-peaked variation in ET-based N 
uptake rates, and the latter simulated values were larger than the former 
in the whole growth period. The form of the single-peaked curve vari
ation is similar to the results of dynamic WP during the growing period. 
In contrast, the ET-based N uptake rate of the standardized Linear model 
showed a monotonically decreasing form of variation (Fig. 8b and 
Fig. S5). This indicates that the pattern of simulated N uptake rates from 
ET-based N uptake models depends on the quantitative relationship 
between biomass and ET. Unfortunately, the pattern of ET-based N up
take rates was not clearly matched in this study, which might be caused 
by the uncertainty of measured N uptake rates (Fig. 8b). Further study is 
needed to improve the ET-based N uptake rate model. 

4.5. Implications and perspectives 

Water and N are two key factors for agricultural production (Ran 
et al., 2017). WP is a key link between crop production and water 
consumption, especially for arid regions where agriculture heavily de
pends on irrigation. Here, we demonstrated that final WPB-ET and WPY-ET 
respond differently to water stress, and improved the non-linear dy
namic WP models under water and N stress. This deepens our under
standing of the relationship between crop water consumption and dry 
matter accumulation. Furthermore, we have developed three ET-based 
N uptake models, and intend to predict the nitrogen uptake of maize 
through water consumption under different levels of N application 
during the growth period. This provides a new perspective for evalu
ating plant N status. Thus, these results closely link resource inputs and 
agricultural outputs, which is useful for optimizing irrigation and N 
application management and improving resources use efficiency. They 

Fig. 8. Performance of ET-based N uptake models and the corresponding derived ET-based N uptake rate for the high irrigation and high N treatment (W1N150) and 
low irrigation and non-N treatment (W0.5N0). 
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are also beneficial for the adaptation of agricultural practices, and sus
tainable maintenance or increase of agricultural productivity in 
climate-smart agriculture (FAO, 2012). 

The nonlinear dynamic WP models and the ET-based N uptake 
models were evaluated using field experiments of maize in arid North
west China in 2018 and 2019. Further evaluation is needed on other 
crops, climates, and regions with longer time series data. In addition, the 
irrigation depth and N application are limited to 247–428 mm and 
0–150 kg N ha− 1, respectively. It is also necessary to add more water 
and N treatments and sampling frequency to further evaluate model 
parameters in the future. The measured values of WP and Nuptake rates 
calculated using the intervals between every two adjacent samples 
might have large potential uncertainty, which could cause model eval
uation difficulties and needs further study. 

The nonlinear dynamic WP models were found to be more consistent 
in representing the biological process of WP than the Linear model; 
however, the nonlinear models are more complicated and involve more 
parameters, making model calibration and interpretation more complex. 
The Linear model simplifies the growth process and ignores the dynamic 
change of WP, but the calculation is relatively simple and has acceptable 
simulation accuracy. Therefore, model selection depends on the specific 
needs of different practical applications. The nonlinear dynamic WP 
models and the ET-based N uptake models have the potential to be 
coupled with crop models and machine learning to improve the accuracy 
of crop growth simulation under stress conditions. Investigating the 
sensitivity and uncertainty of the parameters in the developed models, 
following the framework developed by Ran et al. (2022), is also of 
interest. 

5. Conclusion 

Water stress had a larger impact than N stress on the growth, yield 
and N uptake of maize in arid Northwest China. Biomass-based water 
productivity (WPB-ET) and yield-based water productivity (WPY-ET) 
responded differently to water stress but similarly to N stress because HI 
was more sensitive to water stress than N stress. The Logistic, Sigmoid, 
and Linear models had similar high accuracy in quantifying the rela
tionship between water consumption and crop growth, but the derived 
nonlinear dynamic WP models were more in line with the single peak 
variation of measured WP during the growth period. The developed ET- 
based N accumulation model was able to quantify N uptake through 
water consumption. 
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