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Introduction: The nitrogen nutrition index (NNI) of winter wheat decreased under
water deficit conditions, primarily due to an increase in the critical nitrogen
concentration (%N.) associated with a reduction in shoot biomass (SB). However,
the effect of plant nitrogen concentration (PNC) on NNI under water deficit
conditions remains unclear. This study aimed to: (1) determine whether significant
differences in PNC and leaf nitrogen concentration (LNC) of winter wheat exist
among different water treatments under controlled conditions; (2) analyze the
reasons for changes in PNC and LNC under water deficit conditions; and (3) assess
the stability of relationships between PNC and LNC, as well as between plant nitrogen
accumulation (NAp) and leaf area index (LAl), across different water treatments.

Methods: To address the above mentioned objectives, a series of rainout shelter
experiments were conducted during the winter wheat growing seasons from
2018 to 2021.

Results and discussion: The results indicated that water deficit treatments
limited PNC and LNC values at specific growth stages of winter wheat under
controlled conditions. However, such severe water deficits are unlikely to occur
in typical field conditions; thus, PNC was not identified as the primary factor
affecting NNI in field environments experiencing water deficit. Component
analysis clarified the causes behind the decline in PNC and LNC. The decline in
specific leaf area (SLA) and leaf biomass fraction (LBF) contributed to the
decrease in PNC, with SLA accounting for more variation than LBF. Similarly,
declines in both SLA and specific leaf nitrogen (SLN) led to reduced LNC, with
SLN explaining more variation in LNC than SLA across different water treatments.
LNC was jointly controlled by both PNC and the ratio of SLN to LBF. Furthermore,
water deficit did not alter the proportional linear relationship between NAp and
LAIl, suggesting that the impact of water deficit on PNC and LNC is limited, which
helps a better understanding of the factors contributing to the declination of NNI.

water deficit, nitrogen status, tissue nitrogen concentration, component analysis,
leaf area
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1 Introduction

Nitrogen (N) is one of the primary nutrient inputs in intensive
agricultural production systems worldwide; however, it also
significantly contributes to environmental pollution through surface
runoff, gaseous emissions, and other pathways (Tyagi et al, 2022).
Over the past five decades, numerous studies have reported a
significant increase in nitrate concentrations in aquatic ecosystems,
primarily driven by excessive N fertilization in intensive agricultural
systems, particularly in China (Hou et al,, 2023). Cui et al. (2010)
reported that China accounted for approximately 38% of global N
fertilizer consumption, with total N input in the wheat-maize
cropping system in North China exceeding normal crop N
requirements by nearly 600 kg N ha" annually. Additionally, the
overuse of N fertilizers has led to decreased agricultural profitability
for farmers (Lu et al,, 2021). To address both economic and ecological
challenges, it is essential to improve N fertilizer management practices
based on crop demand. Such approaches may help reduce fertilizer
inputs, mitigate N-related environmental risks, and enhance
farmers’ income.

Optimized N fertilizer management fundamentally relies in a
clear understanding of crop N status (Zhao et al, 2016). The
nitrogen nutrition index (NNI) is widely regarded as an effective
and quantitative method for diagnosing crop N status within the
framework of optimized N management (Ata-Ul-Karim et al., 2017;
Zhao et al.,, 2021). The calculation of NNI is based on the crop’s
critical N concentration (%N,) dilution curve of the crop (Lemaire
et al., 2019). To date, %N, dilution curves have been established for
several major crops, including wheat, maize, and rice (Ata-Ul-
Karim et al., 2013; Plénet and Lemaire, 1999; Justes et al., 1994). The
%N, represents the minimum N concentration (%N) required to
achieve maximum biomass accumulation and is typically expressed
as a negative power function (Lemaire et al., 2021). The interspecific
and intraspecific variability in the parameters of the N dilution
curve across different regions has been widely reported in the
literature (Lemaire et al., 2008). Recently, a Bayesian hierarchical
model has been employed to assess uncertainty in fitted %N, curves
(Makowski et al., 2020). Moreover, Ciampitti et al. (2021)
demonstrated that variations in the maize %N, parameters Al
and A2, representing critical N concentration and SB, respectively,
were statistically insignificant under different genotype X
environment x management (G xE x M) scenarios, particularly
when SB exceeded 5 t ha™. Similarly, Yao et al. (2021) found no
significant differences in the parameters of winter wheat %N curves
across G X E x M scenarios. The theoretical foundation of the %N.
dilution curve, as developed by Lemaire et al. (2008), is based on
two main principles: (1) the ratio of LB to SB decreases
allometrically with increasing SB, due to higher %N in leaves and
lower %N in stems; and (2) N is distributed non-uniformly within a
dense canopy, with preferential allocation to upper well-lit leaves
and active recycling from lower canopy layers. Due to its strong
physiological relevance and theoretical robustness, the %N dilution
curve has proven to be stable across different growth environments
and genotypes within a given crop species (Ciampitti et al., 2021).
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Recent studies have questioned the stability of the %N, dilution
curve, suggesting that it may be influenced by soil water deficit. This
influence has been demonstrated by a downward shift in the %N,
curve under water deficit conditions in tall fescue and wheat (split-
plot design and 160-300 data points, Errecart et al, 2014;
randomized block design and 120 data points, Hoogmoed and
Sadras, 2018). Understanding the effect of soil water status on the %
N, curve is critical, as the %N, curve derived from well-watered
conditions may overestimate crop N deficiency under water deficit
conditions (Hoogmoed and Sadras, 2018). Errecart et al. (2014)
proposed four potential mechanisms for the observed reduction in
%N, under water deficit conditions: (1) increased concentration of
water-soluble carbohydrates, leading to a passive dilution of plant N
concentration (PNC); (2) a differential response in the relationship
between SB and PNC to water deficit; (3) lower growth rates under
water deficit conditions require less N for metabolic processes; and
(4) accelerated leaf senescence and increased N mobilization rates.
However, contrasting evidences have been reported in crops such as
maize, wheat, tall fescue, and sorghum, in which no significant
differences in %N, values were observed between rainfed and
irrigated conditions (historical experiments from 1979 to 1985
with 150-200 data points by Kunrath et al., 2018; and from 1990
to 2016 with 460-470 data points by Ciampitti et al., 2021).
Ciampitti et al. (2021) argued that the statistical methods used by
Errecart et al. (2014) may have led to inaccurate estimations of %N..
They further contended that the accumulation of water-soluble
carbohydrate under water deficit conditions is unlikely to coincide
with increases in N-rich soluble compounds. Besides, soil water
deficit has a limited effect on the allometric relationship between SB
and PNC. Thus, whether the %N, dilution curve is truly altered
under soil water deficit conditions remains a subject of
ongoing debate.

Currently, the most explicit conclusion is that NNI tends to be
lower under water deficit conditions than under non-water deficit
conditions at the same N treatment level (Kunrath et al., 2018;
2020). The NNI is calculated using PNC and %N.. Under water
deficit conditions, the intermediate cause of reduced NNI is a
decline in SB, which, according to the %N, calculation model,
results in an increase in %N, (Zhao et al, 2025). An indirect
contributor may be changes in PNC across different water
treatments. PNC, defined as the ratio of plant N accumulation
(NA,) to SB, reflects the N dilution process in plant. Previous
studies have reported variations in NA,, and SB during crop growth
under both rainfed and irrigated conditions, both of which are
influenced by soil water deficit (Errecart et al., 2020). Furthermore,
Zhao et al. (2025) demonstrated that the response of PNC to water
availability is more complicated across different water levels under
rainout shelter experiments. However, the reasons behind changes
in PNC remain unclear across various water treatments, especially
under severe soil water deficit conditions. Although some studies
have documented N dilution in leaves during crop development
(Yao et al., 2014a, b; Sieling and Kage, 2021), few have specifically
investigated changes in leaf N concentration (LNC) across different
water treatments. While considerable research has focused on the
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effects of water deficit on SB and the %N, dilution curve, relatively
limited attention has been given to the direct effects of water stress
on PNC and LNC, particularly under controlled experimental
conditions. The morphological and physiological factors
governing changes in PNC and LNC remain unclear, as does the
potential alteration of the relationship between PNC and LNC
under water deficit conditions.

Therefore, we hypothesize that variations in PNC and LNC are
driven by morphological or physiological factors across different
water-N coupling treatments. The main objectives of this study
were: (1) to determine whether PNC and LNC differ significantly
across various water treatments under controlled conditions; (2) to
identify the key factors contributing to changes in PNC and LNC
under water deficit conditions; and (3) to evaluate the stability of the
relationship between PNC and LNGC, as well as between NA, and
leaf area index (LAI), across different water treatments. This
analysis is essential for improving our understanding of how
water deficit affects PNC and LNC, which is crucial for accurately
estimating the NNI under water deficit conditions.

2 Materials and methods

2.1 Experimental design and indicators
measurement

Three rainout shelter experiments on winter wheat were
conducted in Xinxiang (35°18'N, and 113°52’E), Henan Province,
China, during the 2018-2021 growing seasons. Each experiment
included two N fertilizer treatments and four water deficit
treatments. The rainout shelters effectively excluded natural

10.3389/fpls.2025.1609847

rainfall from the experimental plots, allowing for controlled
simulation of water deficit conditions. Irrigation was the sole
water source for winter wheat throughout the experimental
period. The monthly mean air temperatures in Xinxiang during
the 2018-2021 winter wheat growing seasons are presented
in Figure 1.

Table 1 provides detailed information about the rainout shelter
experiments conducted on winter wheat during the 2018-2021
growing seasons. Each plot within the rainout shelters covered an
area of 6.67 m”. A total of 24 plots were established for each
experiment, arranged in three replications. N fertilizer was assigned
as the main plot factor with two levels: 225 kg N ha™ (high N
treatment, HN) and 75 kg N ha™ (low N treatment, LN). These N
rates represent typical low and high fertilization levels used in
intensive winter wheat production systems in China (Cui et al,
2010). Half of the N fertilizer was applied as a basal dose before
sowing, and the remaining half was applied as top-dressing at the
stem elongation stage. Irrigation amount served as the split-plot
factor, comprising four levels (W0-W3) designed to simulate
varying degrees of soil water availability under controlled
conditions. WO represented a severe water deficit with no
irrigation during critical growth stages, whereas W3 represented
adequate water supply. These levels were determined based on
previous studies in the North China Plain, where crop
evapotranspiration ratios ranged from 40% to 100% (Gao et al,
2015; Zhao et al,, 2025). This design enabled the evaluation of
interactive effects between N application and water availability on
plant N status under realistic agronomic conditions. Specific
irrigation amounts and corresponding growth stages are listed in
Supplementary Table S1 (Supplementary Material). Drip irrigation
was used throughout the growing period. Lines were positioned
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FIGURE 1

Monthly mean air temperature (°C) in 2018-2019, 2019-2020, and 2020-2021 growth seasons of winter wheat at Xinxiang, Henan Province, China
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TABLE 1 Detailed information about the rainout shelter experiments.

L Actual
: - Irrigation rate ] ] " .
Experiment Season Cultivar N treatment (mm)* Sowing date Soil type Sampling stages = evapotranspiration
(mm)
2018 Zh i HN
1 Xinxiang 2019 (;L;mal (225 kg N ha!) WO (120) 16-Oct Clay loam Stem elongation 30.2
LN
1(21 Booti 4.
(75 kg N ha'h) W1 (210) ooting 87.45
‘W2 (300) Anthesis 162.31
‘W3 (390) Grain filling 240.34
L 2019 Zhoumai HN .
2 Xinxiang 2020 27 (225kg N ha'h) ‘WO (240) 15-Oct Clam loam Stem elongation 136.98
IN W1 Booti 1 2
Rainout shelter (75 kg N ha™) (330) ooting 59.0
W2 (420) Anthesis 245.88
W3 (510) Grain filling 294.63
2020 Zhoumai HN
3 inxiang 021 27 (225kg N ha'h) ‘WO (120) 18-Oct Clam loam Stem elongation 94.12
IN W1 (210) Booti 140.07
(75 kg N ha™)) ootmg :
W2 (300) Anthesis 216.65
W3 (390) Grain filling 259.34

*Represents the total irrigation amount during the growth process of winter wheat.

e 12 buepp
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between wheat rows, with emitters spaced 20 cm apart and a flow
rate of 2.2 L hour™". Irrigation pressure was set to 0.1 MPa, and
water usage for each event was measured using a calibrated water
meter. Basal applications of phosphorus (150 kg P,Os ha™) and
potassium (120 kg K,O ha™') were applied uniformly across all
treatments. No significant nutrient deficiencies, pest infestations, or
disease occurrences were observed during the growing seasons.
Abbreviations, units, and descriptions of all variables are provided
in Table 2.

In the rainout shelter experiments (Exp. 1 to Exp. 3), a
representative plant sample covering 0.36 m*was randomly collected
from each plot at the stem elongation, booting, anthesis, and grain
filling stages of winter wheat. The green leaf area of the sampled plants
was measured using an LI-3000 meter (LI-COR), and the LAI was
calculated by dividing the green leaf area by the corresponding land
area. Each plant sample was separated into three parts: stem
(including the leaf sheath), leaf, and spike. All samples were oven-
dried at 70°C to a constant weight and weighed using an electronic
balance to determine the dry biomass of each plant part. Subsequently,
the dried samples were ground, passed through a 1 mm sieve, and
stored in sealed bags for N concentration (%N) analysis using the
Kjeldahl method. Leaf N accumulation was calculated by multiplying
LNC by LB. Total SB and NA,, were determined by summing the
biomass and N accumulations of the stem, leaf, and spike, respectively.
The PNC was calculated as the ratio of NA,, to SB.

2.2 Plant nitrogen concentration and leaf
nitrogen concentration, and their
components

According to the findings of Lemaire et al. (2007 and 2008), the
relationship between NA,, and LAI could be approximated as

TABLE 2 Description and units of the variables used in this paper.

Abbreviation Variable Unit
SB Shoot biomass tha
LB Leaf biomass tha

PNC Plant nitrogen concentration %
LNC Leaf nitrogen concentration %
%N, Critical nitrogen concentration %

N Nitrogen -
SLA Specific leaf area m* kg
SLN Specific leaf nitrogen gm”
LAI Leaf area index -
LBF Leaf biomass fraction %
NNI Nitrogen nutrition index -
NA, Plant nitrogen accumulation kg ha!
NA, Leaf nitrogen accumulation kg ha!
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proportional during the vegetative growth period of the crop.
This relationship was expressed as follows:

NA, = § x LAI 1)
where S is the amount of NA,, per unit of LAIL
Therefore, PNC could be expressed as follows:
PNC = N, _ S x LAL ()
~SB T SB

Equation 2 could be further decomposed into two primary
components: (1) specific leaf area (SLA), defined as the ratio of LAI
to LB, and (2) leaf biomass fraction (LBF), defined as the ratio of LB
to SB. Therefore, PNC could be expressed by the following
equation, i.e., Equation 3:

LAI LAI

PNC=8X —=8x——
SB LB

LB

X S—B (3)

Leaf N concentration (LNC) was defined as the ratio of leaf N
accumulation (NAp) to LB. Therefore, LNC could be expressed as
follows Equation 4:

NA,

LNC = —

LB )

Equation 4 could be further decomposed into two primary
components: (1) specific leaf N (SLN), defined as the ratio of NAy to
LAJ, and (2) specific leaf area (SLA), defined as the ratio of LAI to
LB. Therefore, LNC could be expressed by the following equation
Equation 5:

A A LAI

LNC = & = & X —

LB LAI LB

The relationship between PNC and LNC was derived by

combining Equations 3 and 5, resulting in the following equation:

(5)

NA,
1 _SLN
LNC = - x 2L x PNC = — x —— x PNC (6)
s i S LBF

2.3 Component analysis

The component expressions of PNC and LNC were presented in
Equations 3 and 5, respectively. Component analysis was employed
to assess the net contribution of each variable, both directly and
indirectly through its interaction with the other variable (Dordas,
2011). This analysis involved linearizing multiplicative relationships
using a logarithmic transformation, followed by calculating the
contribution of each component trait to the sum of squares of the
resultant trait. The sum of the cross products between each
component and the resultant trait (3 x;y;) was divided by the
sum of squares of PNC and LNC (Ey,-2 ) to determine the relative
contribution of each component variable. The component
expressions of PNC and LNC were analyzed as follows Equations
7 and 8:

log (PNC) = log (SLA) + log (LBF) (7)
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log (LNC) = log (SLA) + log (SLN) (8)

2.4 Statistical analysis

After confirming the assumptions of normality and
homogeneity of variance, a one-way ANOVA followed by Tukey’s
HSD post-hoc test was conducted to evaluate differences in PNC
and LNC among various water treatments under the same N levels
and growth stage conditions. The significance level was set at p <
0.05, 0.01, and 0.001, respectively. Allometric relationships (y=ax")
between PNC and LNC, LAI and NA,, and SLA and LBF were fitted
across different water and N coupling treatments during the 2018-
2021 seasons. All statistical analyses were performed using SPSS
version 22 (SPSS Inc., Chicago, IL, USA).

3 Results

3.1 Changes in plant and leaf nitrogen
concentrations from stem elongation to
grain filling stages under different nitrogen
and water coupling treatments

Plant nitrogen concentration (PNC) and LNC generally
exhibited a decreasing trend from stem elongation to grain filling
stage across N and water treatments in winter wheat (Tables 3, 4).
PNC was consistently higher under HN compared to LN at the
same water treatment across all growth stages. The highest PNC
value (2.76%) was recorded at stem elongation under HNW?2
treatment in the 2019-2020 season, while the lowest (0.81%) was
observed at grain filling stage under LNWO in the 2020-2021 season
(Table 3). LNC exhibited a similar trend, with the maximum value
of 4.45% at booting stage under HNW?2 treatment in the 2019-2020
season, and the minimum value of 0.43% at grain filling stage under
LNWO treatment in the 2020-2021 season (Table 4).

Notably, PNC showed significant differences among water
treatments under the same N level in 8 out of 24 combinations
(33%), whereas LNC exhibited significant effects in 13 of the 24
combinations (54%). For example, PNC responded significantly to
water treatments at stem elongation and booting stages during the
2018-2019 season under HN conditions (p< 0.05), and at multiple
growth stages under LN treatments in the 2020-2021 season. In
contrast, significant differences in LNC were more widespread,
especially at later growth stages (e.g., during the grain filling stage
under both HN and LN treatments across all three seasons). These
findings suggested that LNC may be more sensitive than PNC to
water availability, particularly during grain filling stage. The
underlying mechanisms responsible for the differing responses of
PNC and LNC to water treatments warrant further investigation.

Generally, both PNC and LNC declined with increasing water
deficit, especially under low N conditions. However, the trends also
indicated that high N input can partially mitigate the decline in
tissue N concentrations under water deficit conditions.
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3.2 Changes in leaf mass fraction, specific
leaf area, and specific leaf nitrogen from
stem elongation to grain filling stage under
different nitrogen and water coupling
treatments

As given in Equation 3, LBF was identified as the primary
contributing component to PNC. LBF significantly declined from
stem elongation to grain filling stage in winter wheat (Figure 2). The
highest LBF value (0.5) was observed under HNW?2 treatment at the
stem elongation stage, while the lowest value (0.05) was recorded under
LNWI treatment at grain filling stage during the 2019-2020 season,
reflecting a 10-fold difference between the two extremes. In the 2018-
2019 season, LBF values under HN and LN treatments were generally
similar at the same water conditions and growth stages. However,
during the 2019-2020 and 2020-2021 seasons, LBF values under HN
treatments were consistently exceeded by those under LN treatments at
the same water level. Irrigation amounts also influenced LBF, which
tended to decrease from mild to severe water deficit treatments under
the same N treatments. This trend indicated that a smaller proportion
of SB was allocated to leaf organs under severe water deficit conditions.

Specific leaf area (SLA) was identified as the second most
important component influencing PNC (Equation 3) and the
primary component influencing LNC (Equation 5). SLA showed a
slight decreasing trend from stem elongation to anthesis, followed by
an increase from anthesis to grain filling stage across most N and water
treatment combinations in winter wheat during the 2018-2021
growing seasons (Figure 3). The maximum SLA value of 30.31 m’
kg' was observed under LNW?3 treatment at grain filling stage in the
2019-2020 season, while the minimum value of 15.61 m* kg was
recorded under HNWO treatment at the same stage in the 2020-2021
season, representing a 2-fold difference between these extremes.
Generally, there were no significant differences in SLA between HN
and LN treatments under the same water conditions at most growth
stages. Although SLA was significantly lower under severe water deficit
conditions compared to mild or non-severe deficit conditions under
the same N treatment in certain growth stages, the absolute differences
in SLA values across water treatments remained relatively small before
grain filling stage. The largest difference was observed at grain filling
stage under HN conditions during the 2020-2021 season (Figure 3E),
where SLA differed by 7.4 m* kg ™' between the W3 and WO treatments.

Specific leaf nitrogen (SLN) was identified as another important
component influencing LNC using the component analysis given in
Equation 5. SLN remained relatively stable from stem elongation to
anthesis but declined sharply from anthesis to grain filling stage under
the same N and water coupling treatments (Figure 4). The maximum
SLN value (1.93 g m™) was recorded under HN'W?3 treatment at stem
elongation stage during the 2020-2021 season. In contrast, the
minimum SLN value (0.2 g m™) was observed under LNWO
treatment at grain filling stage in the 2019-2020 season, representing
nearly a 10-fold difference. SLN values under HN treatment were
generally higher than those under LN treatment at the same water
level across all treatments from the 2018-2021 growing seasons. In
some growth stages, significant differences in SLN were observed
between severe and non-severe water deficit treatments under the
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TABLE 3 Plant nitrogen concentration from stem elongation to grain filling across different nitrogen and water coupling treatments in the 2018 to
2021 seasons of winter wheat.

Experiment/ season  Growth stages Treatment
HNWO HNW1 HNW2 HNW3
Exp. 1 Stem elongation 2.08 2.33 2.22 2.55 0.002 b
(2018-2019) Booting 1.77 1.94 1.84 2.06 0.02 *
Anthesis 1.55 1.66 1.6 1.73 0.22 ns
Grain filling 1.5 1.52 1.45 1.64 0.16 ns
LNWO LNW1 LNwW2 LNW3
Stem elongation 1.9 1.92 2.01 2.13 0.38 ns
Booting 1.77 1.63 1.68 1.75 0.61 ns
Anthesis 1.55 1.34 1.49 1.51 0.47 ns
Grain filling 1.22 1.32 1.28 1.28 0.77 ns
HNWO HNW1 HNW2 HNW3
Exp. 2 Stem elongation 2.59 2.74 2.76 2.72 0.77 ns
(2019-2020) Booting 2.13 2.25 2.33 234 0.49 ns
Anthesis 1.32 1.47 1.48 1.55 0.08 ns
Grain filling 1.5 1.6 1.54 1.54 0.18 ns
LNWO LNW1 LNW2 LNW3
Stem elongation 1.54 1.57 1.47 1.57 0.41 ns
Booting 141 1.42 14 14 0.96 ns
Anthesis 1 1 0.93 0.97 0.58 ns
Grain filling 1.05 1.05 1.07 0.94 0.67 ns
HNWO HNW1 HNW2 HNW3
Exp. 3 Stem elongation 2.31 2.56 2.62 2.45 0.08 ns
(2020-2021) Booting 1.39 1.64 17 1.57 0.0001 o
Anthesis 1.39 1.53 1.58 1.45 0.02 *
Grain filling 1.28 1.32 1.3 1.29 0.63 ns
LNWO LNW1 LNW2 LNW3
Stem elongation 1.29 1.72 1.95 1.64 0.008 b
Booting 0.7 1.11 1.18 1.09 0.005 o
Anthesis 0.87 1.31 123 1 0.013 *
Grain filling 0.81 1.21 0.96 0.84 0.011 *

*significance at p<0.05; **significance at p<0.01; ***significance at p<0.001; ns, not significant.

same N condition. However, at other stages, SLN values were relatively
similar between the two water deficit levels under the same N
treatment. For example, SLN values remained comparable from
stem elongation to anthesis under LN treatment during the 2018-
2019 growing season (Figure 4B), and at stem elongation and booting
stages under HN treatment during the 2019-2020 season (Figure 4E).
The largest observed difference occurred at grain filling stage under
HN treatment in the 2020-2021 growing season (Figure 4F), where
SLN differed by 0.88 g m™ between the W3 and WO treatments.

Frontiers in Plant Science

3.3 Component analysis of plant and leaf
nitrogen concentrations under different
nitrogen and water coupling treatments

The relative contributions of the component factors to PNC
and LNC are presented in Table 5. According to Equation 7, SLA
contributed more to the variation in PNC than LBF across all N
and water coupling treatments during the 2018-2021 growing
seasons. Similarly, based on Equation 8, SLN contributed more
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TABLE 4 Leaf nitrogen concentration from stem elongation to grain filling across different nitrogen and water coupling treatments in the 2018 to
2021 seasons of winter wheat.

Experiment/ season Growth stages Treatments
HNWO HNW1 HNW2 HNW3
Exp. 1 Stem elongation 3.79 4.15 4.13 4.32 0.008 b
2018-2019 Booting 3.68 4.05 3.66 4 0.03 *
Anthesis 3.48 3.79 3.56 3.64 0.08 ns
Grain filling 2.78 3.37 3.51 3.51 0.0001 b
LNWO LNW1 LNW2 LNW3
Stem elongation 3.63 3.81 3.73 3.74 0.86 ns
Booting 3.71 3.66 3.85 3.85 0.55 ns
Anthesis 34 3.2 3.38 3.26 0.81 ns
Grain filling 2.01 2.89 2.72 3.11 0.01 *
HNWO HNW1 HNW2 HNW3
Exp. 2 Stem elongation 3.87 4.05 3.99 3.92 0.91 ns
2019-2020 Booting 4.1 4.31 445 4.39 0.35 ns
Anthesis 3.04 3.59 3.54 3.55 0.02 *
Grain filling 2.24 2.56 3.14 321 0.03 *
LNWO LNW1 LNW2 LNW3
Stem elongation 3.05 3.13 2.56 2.99 0.29 ns
Booting 3.34 331 3.06 3 0.66 ns
Anthesis 1.88 1.98 1.7 1.83 0.93 ns
Grain filling 0.86 0.68 1.12 0.92 0.49 ns
HNWO HNW1 HNwW2 HNW3
Exp. 3 Stem elongation 4.41 4.44 4.32 4.28 0.79 ns
2020-2021 Booting 3.09 3.92 3.84 3.52 0.001 *
Anthesis 3.12 3.68 3.72 3.59 0.02 *
Grain filling 0.99 2 2.71 2.79 0.004 *
LNWO INW1 LNW2 LNW3
Stem elongation 2.2 3.29 3.43 2.98 0.03 *
Booting 1.74 2.57 2.85 2.67 0.02 *
Anthesis 1.85 3.02 2.86 2.35 0.007 b
Grain filling 0.43 091 1.01 0.57 0.02 *

* significance at p<0.05; ** significance at p<0.01; *** significance at p<0.001; ns,not significant.

to the variation in LNC than SLA across all treatments during
the same period. The maximum contribution of SLA to PNC
(2.28) was observed under LNWO treatment in the 2020-2021
growing season, while the minimum (1.56) was also recorded
under LNWO treatment, but in the 2018-2019 growing season.
For LNGC, the highest contribution of SLN (2.08) occurred under

Frontiers in Plant Science

HNW3 treatment in the 2018-2019 growing season, whereas the
lowest (1.66) was noted under LNWO treatment in the 2020-
2021 growing season. These variations in component
contributions highlight significant interactions among N
levels, water deficit treatments, and growing seasons in
determining PNC and LNC.
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3.4 Relationships between plant and leaf
nitrogen accumulations and leaf area index
across different nitrogen and water
coupling treatments

Plant N accumulation (NAp) and NA;, both exhibited significant
positive linear relationships with LAI across different N and water
coupling treatments (Figure 5). Data collected under severe water
deficit conditions were also included in Figure 5. Soil water availability
did not affect the stability of the linear relationships among NAp, NA;,
and LAI. The parameter a value was higher for the NAp-LAI
relationship (30.29) than for the NAp-LAI relationship (13.41),
whereas the b value was slightly lower for NAp-LAI (0.94) than for
NA;-LAI (1.10). Overall, allometric patterns among NAp, NA;, and
LAI were not strongly evident under different N and water coupling
treatments during the vegetative growth period of winter wheat,
thereby validating the assumption in Equation 1.
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3.5 Relationships between leaf nitrogen
concentration and plant nitrogen
concentration, and between specific leaf
nitrogen and leaf biomass fraction under
different nitrogen and water coupling
treatments

Leaf N concentration (LNC) exhibited a significant positive
linear relationship with PNC (Figure 6A), with a slope b of 0.99.
This indicated that the decline in LNC was directly proportional
to the decline in PNC from stem elongation to grain filling stages
across different N and water coupling treatments during the
2018-2021 growing seasons. According to the results derived
from Eq. (6), the intercept parameter a was 1.94, which is
associated with both LBF and SLN. The relationship between
LBF and SLN also demonstrated a significant positive allometric
trend during the same developmental period and treatment
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Changes in specific leaf area from stem elongation to grain filling in winter wheat across different nitrogen and water coupling treatments (A) 2018-
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conditions. The value of the intercept a reflected the trade-off
between LBF and SLN.

4 Discussion

4.1 Effect of plant nitrogen concentration
on the calculation of nitrogen nutrition
index

The significant differences between PNC and LNC were
observed under water deficit and N coupling treatments in
controlled conditions (Tables 3, 4). These differences were
mainly found between severe and non-severe water deficit
treatments. The severe water deficit treatment (WO0) was
characterized by the absence of irrigation from stem elongation
to grain filling, with rainfall excluding using a rainout shelter
(Supplementary Table S1). In cases where PNC showed significant
differences, the ratio of actual evapotranspiration under the W0
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treatment to the maximum evapotranspiration under the W3
treatment was less than 40% during the 2018-2021 growing
seasons (Zhao et al., 2025). The use of the rainout shelter
induced a more extreme water deficit during winter wheat
growth, which likely contributed to the larger differences in
PNC and LNC among the water treatments.

The severe water deficit was artificially imposed under rainout
shelter conditions; however, such conditions were unlikely to
occur under typical field conditions in normal agricultural
production systems. Ji et al. (2015) reported that the 30-year
average effective precipitation during the entire growth period of
winter wheat in the same research region ranged from 75.2 mm to
177.5 mm, with an average value of 114.9 mm, accounting for
47.1% of the annual mean effective precipitation. Gao et al. (2015)
reported a rainfall variation of 104 mm during the winter wheat
growing season in the same region under rainfed conditions (0
mm irrigation) and noted that yield significantly declined from
7690 kg ha™' to 2890 kg ha™' when the ratio of actual to maximum
evapotranspiration was 61%. These findings suggested that an
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Changes in specific leaf nitrogen (SLN) from stem elongation to grain filling stage in winter wheat across different nitrogen and water treatment
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indicate significant differences among treatments at the 5% probability level according to Tukey's HSD post-hoc test.

evapotranspiration ratio as high as 61% could severely limit winter
wheat yield. According to Ciampitti et al. (2021), the relationship
between NA,, and SB, as well as the parameters of the %N, curve,
remained stable when the evapotranspiration ratio exceeded 40%.
Consistently, our results also indicated that moderate and mild
water deficits had minimal effects on PNC and LNC compared
with sufficient water supply.

Our insights gained from this controlled scenario provided a
valuable reference for understanding the thresholds at which N
dilution patterns were significantly altered. In practical settings,
mild to moderate water deficits were more common, and our results
indicated that under such conditions, PNC and LNC remained
relatively stable, suggesting that traditional interpretations of
the NNI remain valid. However, in regions prone to episodic
drought, even transient water stress may influence N dynamics.
Therefore, integrating dynamic water status indicators into
NNI models could improve the accuracy of N diagnostics under
variable field conditions. These findings could facilitate improving
irrigation and fertilization practices within the precision
agriculture frameworks.
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4.2 Analysis of the decline in plant nitrogen
and leaf nitrogen concentrations

Component analysis was employed to analyze the underlying
causes of the decline in PNC and LNC across the different water-N
coupling treatments. Initially, PNC was separated into two main
components. The first component, LBF, represented the ratio
between LB and SB. The decline of LBF during the growth of
winter wheat has been identified as a major driver of plant N
dilution in plants (Lemaire et al. 2007 and 2008). Furthermore, LBF
exhibited a declining trend with the intensification of the water
deficit. Ratjen et al. (2016) reported similarly that LBF of winter
wheat decreased under water deficit conditions, as plants tended to
allocate less biomass to leaves and more to roots to enhance water
uptake from deeper and broader soil layers. However, component
analysis revealed that variation in SLA (the second component)
explained a greater proportion of the variation in PNC among water
treatments than did LBF (Table 5). This could be attributed to the
fact that SLA, a morphological trait reflecting the ratio of leaf area to
leaf dry mass, was more sensitive to water status and structural
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adjustments under water deficit conditions. Under such conditions,
leaves generally became smaller and thicker due to reduced cell

S8R 8|8 BIR expansion and increased tissue density, resulting in a decline in
= SLA. These morphological changes could rapidly reduce leaf area,
5= whereas leaf dry biomass tended to decrease more slowly, thereby
% intensifying the effect on SLA. Poorter et al. (2012) used the
% 8§ 8 &8 § &8 B B = plasticity index to demonstrate that SLA was more sensitive to
o water availability than LBF. Similarly, Brisson and Casals (2005)

_ 2 showed that SLA was higher under irrigation compared to rainfed
_5 ¥ conditions after stem elongation in winter wheat. In contrast, LBF,
§ - I - - - I~ - - which characterized biomass partitioning between leaves and
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E et al. (2010) presented a general response curve for scaled SLA,

demonstrating a significant positive relationship between SLA and
soil water availability, as evidenced by a positive slope value.
Although water deficit tended to affect both LBF and SLA in a

-0.92
-0.95
-0.97
-0.97
-0.79
-0.79
-0.79
-0.81

similar direction, moderate and mild water deficits had minimal
impact on either trait (Figures 2 and 3; Poorter et al., 2010), which

X2 (Specific leaf area)

was insufficient to induce a significant decline in PNC. These findings

v

=

a

©

&

-

N

o

N

8

@

-

o

N

Q

=

£

v

t

Q

£

©

<

o

=

s

3

o

o

G

T

3

T

=

©

f=

Q

[=2]

g

.‘é

€

o

(]

3 8 8 8 3 8§ 8 3 suggested that morphological leaf traits, particularly SLA, may play a

a S ¢ 5 < 3 s 5 3 88 pholog P ¥ SLA, may play

o more immediate role in regulating N concentration dynamics under

Q

: water deficit conditions. By quantifying the contributions of these

'% components, our study confirmed that SLA was a key driver of N

g 2 828 5z 8 8 8 5 dilution patterns, especially during later growth stages such as grain

— — — — N (o] N N

§ = filling, when structural changes in leaf became more pronounced.

c % In this study, LNC was separated into two main components. The

Q

g 5 first component was SLA, which also represented the first component

B (] . . s

< ° Fw g o8 o8 om o= o9 of PNC. SLA collectively influenced the changes in both PNC and

3 ‘5 e A Il IR N IR IR LNG; however, component analysis revealed that the decline in SLA

E g explained less variation in LNC across different water treatments
- 0

S g a compared to PNC (Table 5). The observed decrease in SLA after

[ = < anthesis was primarily due to a more rapid decline in leaf area relative

t I E s 3 8 8 8 & R . . . .

g S e T T = R R to LB. As the plant transitioned into the grain filling stage, leaf

c

8 2 senescence and reduced expansion led to a significant loss of green

§ 8 leaf area, whereas the reduction in dry leaf biomass occurred more

2 E gradually. This disproportionate change resulted in a decline of SLA.

c =N wn [ — 0 (=] o o~

; o = 22 8 2 2 =2 = = The second component was SLN, which accounted for a greater

3 = 0O roportion of the variance in . Lemaire et al. reported tha

2 proportion of the variance in LNC. Lemai 1. (2008) reported that
-

:9; > E the critical SLN value remained relatively stable across different

S A species, ranging from 1.8 to 2.0 g m™. In contrast, our results

c © — .

S £ g E E E 40222 showed a broader range of SLN values across different water and N

< 7 T T T -0 T " . . . . .

9 -_g coupling treatments (Figure 4). SLN consistently declined with

§ “g increasing water deficit. This decline during grain filling stage was

S = primarily driven by N remobilization from leaves to grains, a key

©

.,g b - 5 E 5 § E E physiological process in wheat supporting grain development and

5 A I R A A A R protein synthesis. Leaf senescence further facilitated this

E remobilization by promoting the degradation of nitrogenous

E & compounds and accelerating N export from leaves. Consequently, a

o o . . .

O g g8 2 g g g ¢ lower SLN value indicated a diminished capacity for N accumulation

; ‘é Z1&|&|&|5| 73 % Z per unit leaf area. Poorter et al. (2009) reported that the anatomical

a = structure of leaves was substantially altered under water deficit

'_

Frontiers in Plant Science 12 frontiersin.org


https://doi.org/10.3389/fpls.2025.1609847
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

10.3389/fpls.2025.1609847

300 A 200 B
A

g S g
g NA, = 30.29LAI* £ NA, = 13.41LAI1
S S 150
= R2=0.83%* 4 = R? = 0.88%*
E 200 Ha E .
o 4 SN
S & L WY g s
=5 = o 100 |
o o )
EaS S W 20182019
g= = 20182019 £
.‘é 100 | A 2019-2020 = A 2019-2020
< 2020-2021 g = 2020-2021
= -

0 1 1 J 0 L 1 1 J

0 5 10 15 0 5 10 15

Leaf area index

FIGURE 5

Leaf area index

Relationship between plant nitrogen accumulation (NAp, A), leaf nitrogen accumulation (NA(, B) and leaf area index (LAI) during the vegetative period

of winter wheat across different nitrogen and water coupling treatments

conditions. In our study, the WO treatment under rainout shelter
conditions, characterized by prolonged water deficit, induced
noticeable structural changes in leaf cells, including reduced cell
size, thicker cell walls, and increased lignin content (Roig-Oliver et al.,
20215 Zahedi et al., 2025). These structural modifications could limit
the capacity for N uptake and storage within the leaf tissues.
Supporting this, Islam et al. (2022) reported that nitrates were
primarily stored in the vacuoles, suggesting that such structural
changes under water deficit may directly affect N storage in leaves.
Overall, our findings aligned well with previous studies in several
key aspects. Consistent with the observations of Poorter et al. (2010
and 2012), we found that SLA was more responsive to water deficit
than LBF, confirming the greater plasticity of SLA under varying soil
moisture conditions. The observed reduction in SLN during grain
filling stage also corroborated the well-established N remobilization
processes described by Lemaire et al. (2008). However, our study
advanced previous research by quantitatively decomposing PNC and
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in 2018-2021 growing seasons. ** significance at p<0.01.

LNC into their morphological and physiological components (LBF,
SLA, and SLN) under multi-year, controlled water and N coupling
treatments. This approach provided a more detailed understanding of
how these component traits interact to influence N dynamics in winter
wheat, an aspect that has received limited attention in earlier studies.

4.3 Analysis of the combined effect of
water and nitrogen on the relationships
between plant nitrogen concentration and
leaf nitrogen concentration, and between
plant nitrogen accumulation and leaf area
index

The relationship between PNC and LNC revealed that LNC
decreased as PNC declined during the growth of winter wheat
(Figure 6A). Changes in LNC were jointly regulated by both PNC
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Relationship between plant nitrogen concentration (PNC) and leaf nitrogen concentration (LNC) as given in (A), and relationship between specific
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seasons of winter wheat. ** significance at p<0.01.
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and the ratio between SLN and LBF. Biologically, Equation 6
illustrated that LNC was influenced not only by PNC but also by
the relative distribution of N and biomass within the plant.
Specifically, LNC increased when the SLN-to-LBF ratio was high,
indicating greater N accumulation per unit leaf area and a larger
proportion of biomass allocated to leaves. Thus, LNC reflected both
the plant’s N status and the efficiency of N partitioning and
accumulation within the leaf tissues. Previous studies have shown
that the extent of N dilution in leaves was lower than that at whole-
plant level (Yao et al,, 2014a, b; Sieling and Kage, 2021), which could
be explained by the ratio between SLN and LBFE. Due to the
allometric relationship between SLN and LBF, the proportional
decline in SLN was less pronounced than that of LBF during the
growth of winter wheat (Figure 6B). SLN remained relatively stable
before grain filling stage (Figure 4), whereas LBF showed a more
rapid decline from stem elongation to anthesis (Figure 2).
Consequently, the SLN-to-LBF ratio increased from stem
elongation to anthesis. According to Equation 6, there was a
trade-off between the increasing SLN to LBF ratio and the
decreasing PNC as winter wheat developed, which ultimately
determined the extent of leaf N dilution. This trade-off led to a
more gradual decline in LNC compared to PNC.

The proportional linear relationship between NA, and LAI was
validated across different N and water coupling treatments in this
study (Figure 5A). Water deficit did not affect the stability of this
proportional linear relationship, which was consistent with the
findings of Lemaire et al. (2008). Similarly, the relationship
between NA; and LAI also exhibited an approximately
proportional linear pattern under different N and water coupling
treatments. This could be attributed to the relatively stable SLN
values observed from stem elongation to anthesis under the same
treatment conditions. However, this result differed from that
reported by Lemaire et al. (2007). In the present study, the value
of parameter a (13.41) was significantly lower than the value (26.3)
reported by Lemaire et al. (2007). This discrepancy might be due to
the inclusion of data from all water and N coupling treatments
(ranging from LNWO0 to HNW3), where lower NA[ values under
LN conditions reduced the overall estimate of parameter a.
Conversely, the value of parameter b (1.1) in this study was
significantly higher than the value (0.69) reported by Lemaire
et al. (2007), potentially due to differences in cell volume between
severe and non-severe water treatments. Since vacuolar size was
closely associated with cell volume in plants, and vacuoles were key
organelles involved in turgor-dependent cellular regulation (Diinser
et al, 2022), cell enlargement primarily occurs through water
uptake driven by the osmotic potential within cells. The
accumulation of water in vacuoles increased their volume (Kruger
and Schumacher, 2018). Under non-severe or normal water
treatments, vacuole size was typically larger (Wu et al, 2024),
allowing for greater N accumulation within the vacuole. Adequate
water supply also increased LAI, and as shown in Figure 5B, this
increase in LAI was associated with enhanced N accumulation in
the leaf.
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5 Conclusion

The reasons behind the decline in NNI were analyzed from the
perspective of PNC, based on the NNI calculation equation. A
significant decline in both PNC and LNC was observed at specific
growth stages of winter wheat. The decline in PNC was attributed to
reductions in LBF and SLA, whereas the decline in LNC was mainly
due to changes in SLA and SLN. However, the water status under
rainout shelter conditions was unlikely to replicate typical field
conditions; therefore, this study suggested that PNC was not the
primary cause of the NNI decline under field water deficit
conditions. The change in LNC could be explained by the trade-
off between PNC and the ratio of SLN to LBF. From a practical
perspective, it is essential to consider the crop’s water status when
calculating NNI to achieve a more accurate assessment of the crop’s
N status. This approach will help in better N management, enhance
nutrient use efficiency, and promote crop production.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

MW: Conceptualization, Investigation, Resources, Writing —
original draft. BZ: Writing — review & editing, Investigation, Formal
Analysis, Validation. WC: Visualization, Validation, Supervision,
Writing - review & editing. GL: Methodology, Writing — review &
editing, Formal Analysis, Data curation. XN: Project
administration, Validation, Writing - review & editing, Resources.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. Key Research and
Development Special Projects in Henan Province (251111112800);
The key scientific and technological project of Henan Province
(232102111004). Institute of Farmland Irrigation, Chinese Academy
of Agricultural Sciences/ Key Laboratory of Crop Water Use
and Regulation, Ministry of Agriculture and Rural Affairs
(IFI-CWUR202503).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1609847
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or

References

Ata-Ul-Karim, S. T., Yao, X,, Liu, X. J., Cao, W. X, and Zhu, Y. (2013). Development
of critical nitrogen dilution curve of japonica rice in Yangtze River Reaches. Field Crops
Res. 149, 149-158. doi: 10.1016/j.fcr.2013.03.012

Ata-Ul-Karim, S. T., Zhu, Y., Cao, Q., Rehmani, M. I. A,, Cao, W. X,, and Tang, L.
(2017). In-season assessment of grain protein and amylose content in rice using critical
nitrogen dilution curve. Eur. J. Agron. 90, 139-151. doi: 10.1016/j.€ja.2017.08.001

Brisson, N., and Casals, M.-L. (2005). Leaf dynamics and crop N water status through
the growing cycle of durum wheat grown in contrasted water budget conditions. Agron.
Sustain. Dev. 25, 151-158. doi: 10.1051/agro:2004066

Ciampitti, I. A., Makowski, D., Fernandez, J., Lacasa, J., and Lemaire, G. (2021). Does
water availability affect the critical N dilution curves in crops? A case study for maize,
wheat, and tall fescue crops. Field Crops Res. 273, 108301. doi: 10.1016/
j.fcr.2021.108301

Cui, Z. L., Chen, X. P,, and Zhang, F. S. (2010). Current nitrogen management status
and measures to improve the intensive wheat-maize system in China. Ambio 39, 376-
384. doi: 10.1007/s13280-010-0076-6

Dordas, C. A. (2011). Nitrogen nutrition index and its relationship to N use efficiency
in linseed. Eur. . Agron. 34, 124-132. doi: 10.1016/j.¢ja.2010.11.005

Diinser, K., Schéller, M., Ré8ling, A.-K., Léfke, C., Xiao, N., Parizkova, B., et al.
(2022). Endocytic trafficking promotes vacuolar enlargements for fast cell expansion
rates in plants. Elife 11, €75945. doi: 10.7554/elife.75945

Errecart, P. M., Agnusdei, M. G., Lattanzi, F. A., Marino, M. A., and Berone, G. D.
(2014). Critical nitrogen concentration declines with soil water availability in tall fescue.
Crop Sci. 54, 318-330. doi: 10.1016/j.fcr.2021.108301

Errecart, P. M., Marino, M. A., Agnusdei, M. G., Lattanzi, F. A., and Durand, J. L.
(2020). The intensity of water stress dictates whether the N status of temperate-type
perennial grass swards is affected by drought. Field Crops Res. 257, 107928.
doi: 10.1016/j.fcr.2020.107928

Gao, Y., Shen, X,, Li, X., Meng, Z., Sun, ]., and Duan, A. (2015). Effects of pre-sowing
irrigation on crop water consumption, grain yield and water productivity of winter
wheat in the North China. Plain. Irrig. Drain. 3, 765-766. doi: 10.1002/ird.1927

Hoogmoed, M., and Sadras, V. O. (2018). Water stress scatters nitrogen dilution
curves in wheat. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00406

Hou, L., Liu, Z., Zhai, B., Zhu, Y., and Xu, X. (2023). Contrasting water quality in
response to long-term nitrogen fertilization in rainfed and irrigated apple-producing
regions on China’s Loess Plateau. Agr. Ecosyst. Environ. 354, 108561. doi: 10.1016/
j.agee.2023.108561

Islam, S., Islam, R., Kandwal, P., Khanam, S., Proshad, R., Kormoker, T., et al. (2022).
Nitrate transport and assimilation in plants: A potential review. Arch. Agron. Soil Sci.
68, 133-150. doi: 10.1080/03650340.2020.1826042

Ji, X. J., Cheng, L., and Fang, W. S. (2015). Estimating the impacts of future climate
change on water requirement and water defict of winter wheat in Henan Province,
China. Chin. J. Ecol. 26, 2689-2699.

Justes, E., Mary, B., Meynard, J.-M., Machet, J.-M., and Thelier-Huche, L. (1994).
Determination of a critical nitrogen dilution curve for winter wheat crops. Ann. Bot.
744, 397-407. doi: 10.1006/anbo.1994.1133

Kruger, F., and Schumacher, K. (2018). Pumping up the volume-vacuole biogenesis
in Arabidopsis thaliana. Semin. Cell Dev. Biol. 80, 106-112. doi: 10.1016/
j.semcdb.2017.07.008

Kunrath, T., Lemaire, G., Sadras, V. O., and Gastal, F. (2018). Water use efficiency in
perennial forage species: interactions between nitrogen nutrition and water deficit.
Field Crop Res. 222, 1-11. doi: 10.1016/j.fcr.2018.02.031

Frontiers in Plant Science

10.3389/fpls.2025.1609847

claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1609847/
full#supplementary-material

SUPPLEMENTARY TABLE 1
Detailed information of irrigation amount at different growth stages of
winter wheat

Kunrath, T. R., Lemaire, G., Texeira, E., Brown, H. F., Ciampitti, I. A., and Sadras, V.
O. (2020). Allometric relationships between nitrogen uptake and transpiration to
untangle interactions between nitrogen supply and drought in maize and sorghum.
Eur. J. Agron. 120, 126145. doi: 10.1016/j.ja.2020.126145

Lemaire, G., Marie-Helene, J., and Grancois, F. (2008). Diagnosis tool for plant and
crop N status in vegetative stage: theory and practices for crop N management. Eur. J.
Agron. 28, 614-624. doi: 10.1016/j.¢ja.2008.01.005

Lemaire, G., Sinclair, T., Sadras, V. O., and Beélanger, G. (2019). Allometric approach
to crop nutrition and implications for crop diagnosis and phenotyping. A review.
Agron. Sustain. Dev. 39, 27. doi: 10.1007/s13593-019-0570-6

Lemaire, G., Tang, L., Bélanger, G., Zhu, Y., and Jeuffroy, M. H. (2021). Forward new
paradigms for crop mineral nutrition and fertilization towards sustainable agriculture.
Eur. ]. Agron. 125, 126248. doi: 10.1016/j.eja.2021.126248

Lemaire, G., van Oosterom, E., Sheehy, J., Jeuffffroy, M. H., Massignam, A., and
Rossato, L. (2007). Is crop N demand more closely related to dry matter uptake or leaf
area expansion during vegetative growth? Field Crops Res. 100, 91-106. doi: 10.1016/
j.fcr.2006.05.009

Lu, J., Hu, T., Zhang, B., Wang, L., Yang, S., Yan, S., et al. (2021). Nitrogen fertilizer
management effects on soil nitrate leaching, grain yield and economic benefit of
summer maize in Northwest China. Agric. Water Manage. 247, 106739. doi: 10.1016/
j.agwat.2021.106739

Makowski, D., Zhao, B., Ata-Ul-Karim, S. T., and Lemaire, G. (2020). Analyzing
uncertainty in critical nitrogen dilution curves. Eur. J. Agron. 118, 126076. doi: 10.1016/
j.€j2.2020.126076

Plénet, D., and Lemaire, G. (1999). Relationships between dynamics of nitrogen
uptake and dry matter accumulation in maize crops. Plant Soil 216, 65-82.
doi: 10.1023/A:1004783431055

Poorter, H., Niinemets, U., Poorter, L., Wrightm, L. J., and Villar, R. (2009). Causes
and consequences of variation in leaf mass per area (LMA): a meta-analysis. New
Phytol. 182, 565-588. doi: 10.1111/j.1469-8137.2009.02830.x

Poorter, H., Niinemets, U., Walter, A., Fiorani, F., and Schurr, U. (2010). A method
to construct dose-response curves for a wide range of environmental factors and plant
traits by means of a meta-analysis of phenotypic data. J. Exp.Bot. 61, 2043-2055.
doi: 10.1093/jxb/erp358

Poorter, H., Niklas, K. J., Reich, P. B., Oleksyn, J., Poot, P., and Mommer, L. (2012).
Biomass allocation to leaves, stems and roots: Meta-analyses of interspecific variation and
environmental control. New Phytol. 193, 30-50. doi: 10.1111/j.1469-8137.2011.03952.x

Ratjen, A. M., Neukam, D., and Kage, H. (2016). A simple drought-sensitive model for
leaf:stem partitioning in wheat. J. Agron. Crop Sci. 202, 300-308. doi: 10.1111/jac.12165

Roig-Oliver, M., Bresta, P., Nadal, M., Liakopoulos, G., Nikolopoulos, D.,
Karabourniotis, G., et al. (2021). Cell wall composition and thickness affect
mesophyll conductance to CO, diffusion in Helianthus annuus under water
deprivation. J. Exp. Bot. 71, 7198-7209. doi: 10.1093/jxb/eraa413

Sieling, K., and Kage, H. (2021). Organ-specific critical N dilution curves and derived
NNI relationships for winter wheat, winter oilseed rape and maize. Eur. J. Agron. 130,
126365. doi: 10.1016/j.eja.2021.126365

Tyagi, J., Ahmad, S., and Malik, M. (2022). Nitrogenous fertilizers: Impact on
environment sustainability, mitigation strategies, and challenges. Int. J. Environ. Sci.
Technol. 19, 11649-11672. doi: 10.1007/s13762-022-04027-9

Wu, Y. N, Lu, J. Y, Li, S, and Zhang, Y. (2024). Are vacuolar dynamics crucial
factors for plant cell division and differentiation? Plant Sci. 344, 112090. doi: 10.1016/
j.plantsci.2024.112090

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1609847/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1609847/full#supplementary-material
https://doi.org/10.1016/j.fcr.2013.03.012
https://doi.org/10.1016/j.eja.2017.08.001
https://doi.org/10.1051/agro:2004066
https://doi.org/10.1016/j.fcr.2021.108301
https://doi.org/10.1016/j.fcr.2021.108301
https://doi.org/10.1007/s13280-010-0076-6
https://doi.org/10.1016/j.eja.2010.11.005
https://doi.org/10.7554/elife.75945
https://doi.org/10.1016/j.fcr.2021.108301
https://doi.org/10.1016/j.fcr.2020.107928
https://doi.org/10.1002/ird.1927
https://doi.org/10.3389/fpls.2018.00406
https://doi.org/10.1016/j.agee.2023.108561
https://doi.org/10.1016/j.agee.2023.108561
https://doi.org/10.1080/03650340.2020.1826042
https://doi.org/10.1006/anbo.1994.1133
https://doi.org/10.1016/j.semcdb.2017.07.008
https://doi.org/10.1016/j.semcdb.2017.07.008
https://doi.org/10.1016/j.fcr.2018.02.031
https://doi.org/10.1016/j.eja.2020.126145
https://doi.org/10.1016/j.eja.2008.01.005
https://doi.org/10.1007/s13593-019-0570-6
https://doi.org/10.1016/j.eja.2021.126248
https://doi.org/10.1016/j.fcr.2006.05.009
https://doi.org/10.1016/j.fcr.2006.05.009
https://doi.org/10.1016/j.agwat.2021.106739
https://doi.org/10.1016/j.agwat.2021.106739
https://doi.org/10.1016/j.eja.2020.126076
https://doi.org/10.1016/j.eja.2020.126076
https://doi.org/10.1023/A:1004783431055
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.1093/jxb/erp358
https://doi.org/10.1111/j.1469-8137.2011.03952.x
https://doi.org/10.1111/jac.12165
https://doi.org/10.1093/jxb/eraa413
https://doi.org/10.1016/j.eja.2021.126365
https://doi.org/10.1007/s13762-022-04027-9
https://doi.org/10.1016/j.plantsci.2024.112090
https://doi.org/10.1016/j.plantsci.2024.112090
https://doi.org/10.3389/fpls.2025.1609847
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Yao, B, Wang, X., Lemaire, G., Makowski, D., Cao, Q., Liu, X,, et al. (2021).
Uncertainty analysis of critical nitrogen dilution curves for wheat. Eur. J. Agron. 128,
126315. doi: 10.1016/j.€ja.2021.126315

Yao, X., Ata-Ul-Karim, S. T., Zhu, Y., Tian, Y., Liu, X., and Cao, W. X. (2014a).

Development of critical nitrogen dilution curve in rice based on leaf dry matter. Eur. J.
Agron. 55, 20-28. doi: 10.1016/j.eja.2013.12.004

Yao, X,, Zhao, B,, Tian, Y. T., Liu, X. J., Ni, J., Cao, W. X,, et al. (2014b). Using leaf dry
matter to quantify the critical nitrogen dilution curve for winter wheat cultivated in
eastern China. Field Crop Res. 159, 33-42. doi: 10.1016/j.fcr.2013.12.007

Zahedi, S. M., Karimi, M., Venditti, A., Siddique, K. H., and Faroog, M. (2025). Plant
adaptation to drought stress: the role of anatomical and morphological characteristics

Frontiers in Plant Science 16

10.3389/fpls.2025.1609847

in maintaining the water status. Soil Sci. Plant Nutr. 25, 409-427. doi: 10.1007/s42729-
024-02141-w

Zhao, B., Adama, T., Ata-Ul-Karim, S. T., Guo, Y., Liu, Z., Xiao, J., et al. (2021).
Recalibrating plant water status of winter wheat based on nitrogen nutrition index
using thermal images. Precis. Agric. 23, 748-767. doi: 10.1007/s11119-021-09859-y

Zhao, B., Ata-Ul-Karim, S. T., Yao, X,, Tian, Y. C., Cao, W. X,, Zhu, Y., et al. (2016).
A new curve of critical nitrogen concentration based on spike dry matter for winter
wheat in eastern China. PloS One 11, 0164545, doi: 10.1371/journal.pone.0164545

Zhao, B., Qin, A. Z., Feng, W., Qiu, X. Q,, Gao, Y., Wang, G. ], et al. (2025). Water
deficit affects the nitrogen nutrition index of winter wheat under controlled water
conditions. J. Integr. Agric. 24, 724-738. doi: 10.1016/j.jia.2024.08.027

frontiersin.org


https://doi.org/10.1016/j.eja.2021.126315
https://doi.org/10.1016/j.eja.2013.12.004
https://doi.org/10.1016/j.fcr.2013.12.007
https://doi.org/10.1007/s42729-024-02141-w
https://doi.org/10.1007/s42729-024-02141-w
https://doi.org/10.1007/s11119-021-09859-y
https://doi.org/10.1371/journal.pone.0164545
https://doi.org/10.1016/j.jia.2024.08.027
https://doi.org/10.3389/fpls.2025.1609847
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Exploring the effect of plant nitrogen concentration on the nitrogen nutrition index of winter wheat under controlled irrigation conditions
	1 Introduction
	2 Materials and methods
	2.1 Experimental design and indicators measurement
	2.2 Plant nitrogen concentration and leaf nitrogen concentration, and their components
	2.3 Component analysis
	2.4 Statistical analysis

	3 Results
	3.1 Changes in plant and leaf nitrogen concentrations from stem elongation to grain filling stages under different nitrogen and water coupling treatments
	3.2 Changes in leaf mass fraction, specific leaf area, and specific leaf nitrogen from stem elongation to grain filling stage under different nitrogen and water coupling treatments
	3.3 Component analysis of plant and leaf nitrogen concentrations under different nitrogen and water coupling treatments
	3.4 Relationships between plant and leaf nitrogen accumulations and leaf area index across different nitrogen and water coupling treatments
	3.5 Relationships between leaf nitrogen concentration and plant nitrogen concentration, and between specific leaf nitrogen and leaf biomass fraction under different nitrogen and water coupling treatments

	4 Discussion
	4.1 Effect of plant nitrogen concentration on the calculation of nitrogen nutrition index
	4.2 Analysis of the decline in plant nitrogen and leaf nitrogen concentrations
	4.3 Analysis of the combined effect of water and nitrogen on the relationships between plant nitrogen concentration and leaf nitrogen concentration, and between plant nitrogen accumulation and leaf area index

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


