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Abstract: Timely and accurate judgment of the nitrogen nutritional status of crops is the key to
develop an optimal nitrogen application strategy. However, the evaluation criteria of nitrogen
nutrition and nitrogen application strategies at each growth stage of wheat are not clear for the new
type of drip-irrigated spring wheat system, TR6S (where one drip tube serves six rows of wheat, with
a row spacing (RS) of 10 cm, inter-block space (IBS) of 25 cm and the lateral spacing (LS) of 80 cm,
which achieved a lower drip-tube input and higher profit compared with the traditional planting
system in Xinjiang). Therefore, we studied the recommendation mechanism of nitrogen fertilizer
in different growth stages of wheat based on the critical SPAD values of leaves under TR6S. We set
four nitrogen treatments (N1 (300 kg ha−1), N2 (270 kg ha−1), N3 (240 kg ha−1) and N4 (0 kg ha−1))
during two spring wheat growth seasons. The results revealed that the correlation coefficient (r2)
between SPAD (soil plant analysis development) value and plant nitrogen content in the middle
of first top leaf (L1-M) of wheat was higher than that in other leaf types and leaf positions under
TR6S. A quadratic function relationship existed between a SPAD value of L1-M and grain yield. The
critical SPAD values at the jointing, booting, anthesis, early milk, and late milk stages were 37.34,
39.40, 42.25, 45.57, and 35.91, respectively. In addition, through the establishment of the nitrogen
application recommendation model for various wheat growth stages based on the critical SPAD
value, the recommended optimal nitrogen application rates at jointing, booting, anthesis, early milk,
and late milk stages were observed to be 69.4, 80.0, 90.8, 44.0, and 6.0 kg ha−1, respectively. This
recommended nitrogen application strategy exhibited a better parallel relationship with the nitrogen
nutrition index (NNI) of each growth period than the conventional nitrogen application strategy.
Therefore, it was more in line with the actual absorption and utilization of nitrogen in wheat of
TR6S. In conclusion, the SPAD values of L1-M could be relatively more accurate to evaluate the
nitrogen nutrition status of wheat. Compared to traditional nitrogen application strategy, reducing
and delaying nitrogen application, recommended based on the leaf SPAD model, was more suitable
for nitrogen utilization under TR6S. The results can be applied in other arid and semiarid regions.

Keywords: drip irrigation; nitrogen nutrition; planting pattern; SPAD value; spring wheat

1. Introduction

Wheat (Triticum aestivum L.) is one of the three major grain crops in the world and is
the main grain crop in arid and semiarid areas [1–3]. The Xinjiang Uygur Autonomous
Region is a typical arid and semiarid area, exhibiting considerable evapotranspiration
and scarce rainfall [4]. To cope with the shortage of water resources in wheat production,
drip irrigation technology with high efficiency of water and fertilizer use has been widely
applied for wheat cultivation [1,3,5,6]. However, with the continuous increase of wheat
yield per unit area, the amount of nitrogen fertilizer is also increasing year by year [7].
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The massive production of nitrogen fertilizers increases not only energy consumption and
water pollution but also the production cost [8–10]. Therefore, it is of great significance to
study the nitrogen nutritional status of wheat plants in real time and develop efficient and
scientific monitoring and assessment methods for determining optimal nitrogen application
rates and improving nitrogen use efficiency.

The traditional method of total nitrogen measurement (TNM) in plants is difficult
to implement for assessing the real-time nitrogen nutrition status of crops because of
its complex and prolonged duration of operation [11]. Similar to the most traditional
methods for the assessment of nitrogen nutrition in crops, the TNM has been one of
the most thoroughly studied methods [12–14]. By comparing the total nitrogen content
of plants with the critical nitrogen concentration, we can determine whether the plants
lack nitrogen [12–17]. However, the preparation of samples for the determination of
total nitrogen content in plants requires destructive sampling, a long drying process, and
rigorous indoor analysis [11,13,14]. Therefore, the TNM cannot provide the nitrogen
nutritional status of crops in a timely manner; it is difficult to apply to assess the real-time
nitrogen nutrition status of crops, and it is almost impossible to popularize and apply it in
actual agricultural production. Previous studies have proposed that the response of nitrate-
nitrogen content in plants to nitrogen fertilizer change was much earlier than that of the
total nitrogen content in plants [18,19]; therefore, measuring the content of nitrate nitrogen
can also reflect the current nitrogen nutritional status of crops [20,21]. However, the method
of assessing nitrate-nitrogen content in plants is also time-consuming and laborious, and
the timeliness is poor [18–21]. Therefore, it is not widely used in agricultural production.

Fortunately, because of the significant correlation between chlorophyll and nitrogen
concentrations in plant leaf [22], the method of assessing nitrogen nutritional status of crops
based on this correlation has been widely accepted and used by researchers [23–25]. The
relative content of chlorophyll in leaves can be obtained by measuring the ratio of the bands
of strong absorption of visible light at 660 nm and strong reflection of near-infrared light
at 940 nm by chlorophyll [23–25]. Instruments estimating the chlorophyll concentration
from plant leaf (SPAD-501 and SPAD-502, named the SPAD chlorophyll meter) have been
successfully developed [23], and provide a solid foundation for the rapid and efficient
assessment of nitrogen nutritional status of crops [11,24,25]. Some studies have reported
the use of the SPAD chlorophyll meter to efficiently assess nitrogen nutrition status of
crops [11,23]. However, the use of SPAD value for nitrogen nutrition evaluation in crops
is affected by the different types of crop varieties and planting patterns [11,26]. Thus, the
nitrogen nutritional status of drip-irrigated single varieties of wheat and planting patterns
needs to be quantitatively analyzed. For drip-irrigated wheat in Xinjiang, the use of the
SPAD chlorophyll meter in efficient assessment of nitrogen nutrition status of crops has
been researched [27]; however, the assessments were conducted based on the traditional
drip-irrigated planting patterns (whereby one drip tube serves four rows of wheat, with RS
of 15 cm and lateral spacing (LS) of 60 cm), and the cost of drip tubes was high (the system
was named TR4; Figure 1a) [1]. To reduce costs, we have successfully developed a new
type of drip-irrigated planting system, TR6S (where one drip tube serves six rows of wheat,
with RS of 10 cm, IBS of 25 cm, and LS of 80 cm, Figure 1b); it achieved a lower input of drip
tubes and higher economic returns than TR4 in 2019 and 2020 [2]. Therefore, it is of great
significance to explore the correlation between SPAD value and nitrogen nutritional status
of wheat for the precise nitrogen application and sustainable wheat production under the
new type of system: TR6S.

Based on TR6S, a two-year field experiment on drip-irrigated wheat was conducted
in 2020–2021 and 2021–2022. The objectives of this study were (i) to establish a nitrogen
fertilizer recommendation model as per wheat growth stages based on leaf SPAD value,
(ii) to calculate the nitrogen application rate at each growth stage of wheat based on
the critical SPAD value, and (iii) to evaluate the accuracy of the recommended nitrogen
application strategy according to the nitrogen nutrition index (NNI). In view of the high
accuracy of SPAD in evaluating nitrogen nutrition at various growth stages of wheat,
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the results of this study may be quite different from the traditional nitrogen application
strategy (based on the planting experience of farmers). Therefore, the results could provide
insights into the use of TR6S for nitrogen nutrition status assessment and scientific nitrogen
management in various wheat growth seasons.
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Figure 1. Planting patterns and anthesis canopy picture of wheat under the traditional (TR4) and new
(TR6S) drip-irrigated systems. (a) TR4: one tube serves four rows of wheat plants with a standard
row spacing of 15 cm. (b) TR6S: one tube serves six rows of wheat plants with a row spacing of 10 cm
and an inter-block spacing of 25 cm. LS: lateral spacing of different drip-irrigated patterns.

2. Materials and Methods
2.1. Experimental Conditions

A two-year field experiment was performed in 2021 and 2022 in the experimental
farm of Shihezi University in Shihezi City, Xinjiang Uygur Autonomous Region, China
(44◦21′ N, 86◦04′ E, altitude of 450 m). The experimental farm is located in the inland, far
from the sea with high evapotranspiration and low rainfall, in a typical arid and semiarid
region. Here, the annual rainfall is only one-tenth of evapotranspiration. The soil type is
light loam, and its physicochemical properties are given in Table 1.

Table 1. Physical and chemical properties of soil before sowing.

Depth
(cm)

Soil
Texture pH

Water
Capacity

(%)

Total
Porosity

(%)

Soil Organic
Matter

(g kg−1)

Bulk Density
(g kg−1)

Available N
(mg kg−1)

Olsen-P
(mg kg−1)

Available K
(mg kg−1)

0–20 loam 7.61 26.9 45.5 11.4 1.23 42.1 13.8 295
20–40 loam 7.57 25.6 45.1 10.9 1.27 41.5 13.2 288
40–60 loam 7.68 25.1 44.6 10.3 1.31 40.7 12.5 280

Note: This is the average value of our two-year experiments (2021 and 2022).

2.2. Experimental Design

Four nitrogen treatments N1, N2, N3, and N4 (300, 270, 240, and 0 kg ha−1, re-
spectively), were set up. Each treatment was divided into three replicates, and a total
of 12 experimental plots were set up. The area of a single experimental plot was 30 m2

(5 m × 6 m). Spring wheat variety XC 39 (Triticum aestivum L. Xinchun 39) was selected as
the test material. The traditional planting pattern of TR4 with low income from grain versus
the high consumption of drip tubes, since one drip tube usually could serve only four
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rows of wheat plants (TR4, drip tube to row number ratio of four, row space of 15 cm) [1].
In our previous studies, we suggested more profitable irrigation systems with enlarged
lateral space (ELS) which gained a similar yield to TR4, one tube serving six wheat rows by
shortening row space to 10 cm (TR6S) (one drip tube serves 6 rows of wheat, with a RS of
10 cm, IBS of 25 cm, and LS of 80 cm; Figure 1b) [2]. TR6S was used as the wheat planting
pattern. Each plot was equipped with a precision water meter and small fertilizer pot for
precise irrigation and fertilization (Figure S1). The irrigation amount during the whole
growth period was 4500 m3 ha−1, and the irrigation and nitrogen application strategies in
each growth period were followed as per previous studies [1,2]. The planting density was
followed as per previous studies and locally recommended protocols [28,29]. A precision
wheat seeder (JB/T 6274.1-2013, 2BFX-12, China) was used for simultaneous sowing and
laying drip tubes. A dose of 105 kg ha−1 P2O5 and K2O was applied to the soil before
sowing. Other field management measures were performed according to the requirements
of local wheat high-grain yield cultivation techniques [1,28,29]. Weeds and pests in the
field were cleared and controlled during the experiment.

2.3. Sampling and Measurements
2.3.1. The SPAD Values of Wheat Leaves

At the jointing, booting, anthesis, early milk, and late milk stages of spring wheat,
nine wheat plants (three wheat plants were randomly selected in each row (R1, R2 and
R3)) were selected as the test plants from the experimental plots with different treatments.
The SPAD values of first top leaf (L1), second top leaf (L2), third top leaf (L3), and fourth
top leaf (L4) were measured using SPAD-502 plus (SPAD-502PLUS, Konica Minolta Inc.,
Tokyo, Japan) (Figure S2A). In addition, we measured the SPAD values of the leaf base (LB,
30% distance from the leaf base), leaf middle (LM, 30–60% distance from the leaf base), and
leaf tip (LT, more than 60% distance from the leaf base) for each leaf (Figure S2B). Then,
according to Shi’s method, we established the assessment model of topdressing based on
the critical SPAD value [27].

NFR = HYN + a/b− SPAD/b (1)

NFR represents the amount of nitrogen topdressing (kg ha−1) at each growth stage;
HYN represents the theoretical nitrogen application rate (kg ha−1) at the whole growth
stage of wheat with the highest grain yield; b is the regression coefficient of the linear
equation between SPAD value and nitrogen application at each growth stage; a is the
equation intercept of the linear equation between SPAD value and nitrogen application at
each growth stage.

2.3.2. N Accumulation and NNI

In synchronization with SPAD determination time, nine wheat plants were randomly
selected from the experimental fields with different treatments at the jointing, booting,
anthesis, early milk, and late milk stages of spring wheat. Various plant organs of spring
wheat samples were separated, placed in an oven at 105 ◦C for 30 min, and further dried at
85 ◦C till a constant weight was obtained; this weight was measured. Dried plant samples
were pulverized using a small pulverizer and sieved. Nitrogen content (%) in each plant
organ of each sample was determined using a Buchi K-375 automatic Kjeldahl nitrogen
analyzer (BUCHI Labortechnik AG, Flavell, Switzerland) at the Analysis and Testing Center
of Shihezi University. Nitrogen content in each organ was calculated by multiplying the
nitrogen concentration in each organ with the dry weight of each organ [30]. The nitrogen
content in the plant was the summation of nitrogen content in each organ [30].

The NNI can accurately quantify the nitrogen nutritional status of crops [13]; therefore,
it was used as an index for recommending nitrogen application fertilization strategy as per
growth stages in this experience. When NNI is <1, it indicates that the absorbed nitrogen
content in crops is insufficient, and the nitrogen application rate is too low. When NNI
is 1, it indicates that the nitrogen absorption in the crop and nitrogen application rate
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are appropriate. When NNI is >1, it indicates that the nitrogen application rate is too
high [13,14]. The NNI was calculated using Equation (2) [13,14].

NNI = Nt/Nc (2)

where Nt is the measured value of nitrogen concentration in aboveground plant. Nc is
the nitrogen concentration (%) of the aboveground plant according to the power func-
tion of critical nitrogen concentration of spring wheat under drip irrigation in Xinjiang.
(Nc = 5.03 ×W−0.38, R2 = 0.95). W is the dry weight of aboveground plants.

2.3.3. Grain Yield

In the mature period of spring wheat, three points with uniform growth were selected
in each replicate of each treatment, and 1 m2 (1 m × 1 m) of wheat was harvested (using a
small thresher for threshing) for grain yield measurement (kg ha−1).

2.4. Statistical Analysis

Excel 2018 was used for data statistics and collation. All data were analyzed using
SPSS 16.0 for one-way analysis of variance (SPSS Inc., Chicago, IL, USA). All charts were
generated using Origin 9 software (Systat Software, Inc., San Jose, CA, USA).

3. Results and Discussion
3.1. The SPAD Value of L1 Was More Accurate in Evaluating the Nitrogen Nutritional Status of
Each Growth Stage under TR6S

The initial purpose of developing the SPAD chlorophyll meter was to estimate the
nitrogen nutritional status of crops and provide guidance for more accurate nitrogen
fertilizer management [22,23,31]. However, previous studies have reported that although
SPAD values are significantly correlated with nitrogen uptake by crops, they are affected
by plant species, growth environment, planting patterns, and sampling positions [11].
Since our planting patterns and varieties were single in this experiment, different sampling
positions may have been the biggest factor affecting the difference in SPAD values in
this experiment. Therefore, we first assessed the relationship between SPAD values and
nitrogen content of plant in different growth stages to determine which type of leaf (L1, L2,
L3 and L4) had the highest correlation with nitrogen absorption by wheat. The results show
that L1 exhibited the highest correlation with the nitrogen content of wheat plants during
the whole growth period, and the correlation coefficient (r2) was clearly higher than that
of other leaf types (L2, L3, and L4; (Figure 2)). Among them, the r2 between SPAD values
and nitrogen content of L1 reached 0.640–0.832, 0.649–0.724, 0.635–0.709, 0.617–0.799, and
0.618–0.775 at the jointing, booting, anthesis, early milk, and late milk stages, respectively.
These results are consistent with the study by Ziadi et al. [32] but inconsistent with the
study by Li et al. [33]. The latter considered that nitrogen uptake by crops had a higher
correlation with L3 and L2. This difference may be due to the difference in test varieties or
planting patterns. Moreover, this verifies the previous results that when the crop planting
environment changes (varieties, planting patterns, etc.), the SPAD leaf space position needs
to be redetermined [11]. In this experiment, the SPAD value of L1 was more accurate for
the evaluation of nitrogen nutritional status of wheat during different growth stages under
TR6S. In addition, this indicates that the results of this study may only be applicable to the
planting patterns and varieties selected by our experiment, but the same research method
can be referred to by other researchers.

3.2. The SPAD Value in the LM Was More Accurate in Evaluating the Nitrogen Nutritional Status
of Wheat under TR6S

In the actual SPAD measurement, even with the same leaf, the SPAD values of different
positions on leaves (LT, LM, and LB) exhibit considerable differences [11,34]. Therefore, it is
crucial to determine the position on the same leaf to measure the SPAD value to accurately
evaluate the nitrogen nutritional status of crops. In this experiment, compared with the
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LT and LB, the r2 of SPAD value and plant nitrogen content in LM at each growth stage
was the highest; the values of r2 were generally between 0.564 and 0.738 (Figure 3). This
indicated that under TR6S, the SPAD value of LM may be more accurate for determining
nitrogen absorption by wheat. In this experiment, the highest correlation between leaf
SPAD value and nitrogen content was observed in LM, which was consistent with previous
studies [27,34]. Therefore, the SPAD value of LM was the most accurate in determining
plant nitrogen content, which can be used as a nitrogen evaluation index under TR6S.
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leaf middle (30–60% distance from the leaf base), and leaf tip (more than 60% distance from the leaf
base) of wheat, respectively.
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3.3. The Determination of Wheat Critical SPAD Value Based on the Middle of First Top
Leaf (L1-M)

Based on the SPAD value of L1-M of the drip-irrigated system for spring wheat, we
assessed the relation between SPAD values of leaves and grain yield of the drip-irrigated
spring wheat at the jointing, booting, anthesis, early milk, and late milk stages. The
relation was a quadratic function (Figure 4), indicating that in a certain range, the SPAD
value of spring wheat leaves and grain yield increased. However, when the SPAD value
of a leaf exceeded a certain value, the yield decreased. Since SPAD could reflect plant
nitrogen content [22,23,31], this indicates that the increase of grain yield would be limited
by nitrogen, and overapplication of nitrogen could not continuously increase grain yield,
which was consistent with previous studies [13,35]. Generally, a SPAD value at 95% of
the highest theoretical yield is used as the critical value [27]. Therefore, according to the
functional relationship between SPAD value and grain yield at different growth stages,
critical SPAD values at jointing, booting, anthesis, early milk, and late milk stages in 2021
and 2022 were 37.34, 42.84, 42.25, 49.53, and 27.61 and 43.06, 39.40, 47.22, 45.57, and 35.91,
respectively. In addition, to determine critical SPAD value of TR6S more accurately, we
used the higher r2 function relationship in different growth stages to determine critical
SPAD values of wheat in that growth period. Since SPAD value is closely related to nitrogen
uptake by crops [22], the determination of critical SPAD value is also of great significance
for timely evaluation of nitrogen deficiency. Generally, a SPAD value less than, equal to, or
greater than the critical SPAD value represents nitrogen deficiency, appropriate nitrogen
content, and excess nitrogen, respectively [27]. Therefore, for TR6S, the critical SPAD values
at the jointing, booting, anthesis, early milk, and late milk stages were 37.34, 39.40, 42.25,
45.57, and 35.91, respectively. As SPAD value determination is convenient and fast, it has as
advantage in agricultural production [11,24,25]. Therefore, the determination of the SPAD
critical value can be recommended for evaluating the nitrogen nutritional status of wheat
under TR6S.
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Figure 4. The relationship between SPAD values and grain yield of wheat. The SPAD values were 
measured in the middle of first top leaf (L1–M) of wheat. Red lines represent the SPAD values of 
the maximum theoretical yield of 95%, and red numbers represent the critical SPAD values. * and 
** indicate significant differences at 0.05 and 0.01 levels, respectively. Blue arrows represent the 
function that has higher correlation coefficient (r2) between SPAD values and grain yield at the same 
growth stage in different years. 
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Figure 4. The relationship between SPAD values and grain yield of wheat. The SPAD values were
measured in the middle of first top leaf (L1-M) of wheat. Red lines represent the SPAD values
of the maximum theoretical yield of 95%, and red numbers represent the critical SPAD values.
* and ** indicate significant differences at 0.05 and 0.01 levels, respectively. Blue arrows represent the
function that has higher correlation coefficient (r2) between SPAD values and grain yield at the same
growth stage in different years.
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3.4. Nitrogen Fertilizer Recommendation as per Wheat Growth Stage Based on Critical
SPAD Value

Nitrogen fertilizer stage recommendations based on critical SPAD value in drip irri-
gated spring wheat system first needs to establish a nitrogen fertilizer stage application
model [11,27]. In previous studies on drip-irrigated wheat, the model of nitrogen fertilizer
as per growth stages based on SPAD value has been determined [27]; however, the con-
stants related to the model needed to be recalculated for this experiment. We first calculated
the linear relationship between SPAD and nitrogen application rate at different growth
stages of wheat (Figure 5). It was observed that leaf SPAD value increased with the increase
of the nitrogen application rate, indicating that increasing nitrogen application rate was
conducive to the formation of leaf chlorophyll. The corresponding SPAD value of the leaf
was lower under the condition of reduced nitrogen application. Chlorophyll can promote
the photosynthetic performance of crops, which is conducive to material accumulation
and grain yield formation [36,37]. Therefore, appropriate nitrogen supply is essential for
the normal growth and development of crops. The results of this study are consistent
with those of previous studies [7,38–41]. Based on the linear relationship between SPAD
value and nitrogen application rate during the two years of experiment, we selected the
higher linear relationship of r2 to determine the constants “b” and “a” of the model. The
lowercase “b” is the regression coefficient of the linear equation between SPAD value and
nitrogen application rate at each growth stage [27], and “a” is the intercept [27]. Therefore,
the values of “b” were 0.028, 0.055, 0.050, 0.073, and 0.107 and those of “a” were 31.370,
28.238, 32.638, 28.122, and 2.265 at the jointing, booting, anthesis, early milk, and late milk
stages, respectively. In this experiment, the grain yields at four different nitrogen levels
were 7925.2~8190.2 kg ha−1 (N1), 8014.1~8238.6 kg ha−1 (N2), 7272.8~7542.8 kg ha−1 (N3),
and 5304.7~5546.9 kg ha−1 (N4), respectively. Further, we studied the relationship between
nitrogen application rate and grain yield. They exhibited a binary function relationship
(Figure 6). Grain yield first increased and then decreased with the increase of nitrogen appli-
cation rate. This is consistent with the study by Shi et al. [27]. In this experiment, an increase
in nitrogen application promoted the formation of chlorophyll; however, the increase in
grain yield was limited. Previous studies have reported that excessive application of nitro-
gen fertilizer would lead to an increase in root soil solution concentration, thereby inhibiting
the absorption of soil nutrients and water by the roots [27]. In addition, nitrogen application
showed a threshold effect in the regulation of crop growth and yield, i.e., excessive nitro-
gen application was unfavorable to crop growth and yield [42,43]. This can well explain
the decreasing trend of grain yield under high nitrogen application in this study. The
theoretical maximum values of grain yield in 2021 and 2022 were 8083 and 8309 kg ha−1,
respectively, and the corresponding nitrogen application levels were 282 and 283 kg ha−1,
respectively. The correlation coefficient (r2) between grain yield and N levels in 2022 was
higher than that of in 2021. Therefore, we chose the amount of nitrogen fertilizer in 2022 as
Nt (283 kg ha−1) for modeling. After determining a, b, and Nt, we finally determined the
SPAD-based N recommendation model as per wheat growth stages under TR6S (Table 2).
The critical value of SPAD at each growth stage was introduced into the model, and the
recommended nitrogen application rates at the jointing, booting, anthesis, early milk, and
late milk stages were 69.4, 80.0, 90.8, 44.0, and 6.0 kg ha−1, respectively.

3.5. Comparison of Recommended Fertilization Strategy with Conventional Fertilization Strategy
and the Evaluation of Recommended Fertilization Strategy Using NNI

Significant differences were observed between recommended nitrogen application rates
calculated based on critical SPAD and conventional nitrogen application rates (Figure 7a). The
nitrogen application rate as per conventional strategy was 300 kg ha−1 [1,2]; however, the
total nitrogen application rate for wheat was 290.2 kg ha−1 based on the recommended
fertilization strategy (Figure 7a). This suggests that the total nitrogen application under
the recommended fertilization strategy was decreased by 3.3% compared to that under the
conventional fertilization strategy. This is conducive to reducing fertilizer input costs in a
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certain sense. From the perspective of each growth stage, conventional nitrogen fertilizer
strategy focuses on nitrogen application at the early growth stage. As shown in Figure 7a,
the nitrogen application amount at and before the jointing stage accounted for almost
64% of the total nitrogen application amount; further, the nitrogen application amount
gradually decreased, and no nitrogen application was applied at the end of the milk stage.
However, the application rate as per the model exhibited a trend of increasing and then
decreasing as per the growth stage; that is, less application at the early and late growth
stages (jointing and milk stages) and more application at the middle growth stage (booting
and anthesis stages). Based on the conventional nitrogen application strategy, our study
recommended that nitrogen application rate should be reduced by 63.9% at the jointing
stage, and increased by 66.7, 152.2%, and 83.3% at the booting stage, anthesis stage, and
early milk stage, respectively. In addition, it is worth noting that the late milk stage of wheat
should add approximately 6 kg ha−1 N. Under the TR4 planting system, previous studies
found that the recommended nitrogen application amount based on leaf SPAD was lower
than the traditional nitrogen application amount (the amount of nitrogen fertilizer applied
was reduced by about 8%) [27], which is basically consistent with our result. Moreover, in
terms of yield, the grain yield based on the SPAD recommendation strategy did not differ
significantly compared with the conventional nitrogen application strategy. This further
demonstrates that the recommended nitrogen application based on leaf SPAD can save
nitrogen fertilizer without decreasing yield.
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Figure 5. The relationship between SPAD values and N application levels at different growth stages 
of wheat. The SPAD values were measured in the L1–M of wheat. * and ** indicate significant dif-
ferences at 0.05 and 0.01 levels, respectively. Blue arrows represent the function that has the higher 
correlation coefficient (r2) between SPAD values and N application levels at the same growth stage 
in different years. 
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Figure 6. The relationship between nitrogen application levels and grain yield. Red numbers repre-
sent the theoretical maximum grain yield in 2021 and 2022, which were 8083 and 8309 kg ha−1, re-
spectively. ** indicates significant difference at the 0.01 level. Black numbers represent the nitrogen 
application level corresponding to the theoretical maximum grain yield in 2021 and 2022, which 

Figure 5. The relationship between SPAD values and N application levels at different growth stages
of wheat. The SPAD values were measured in the L1-M of wheat. * and ** indicate significant
differences at 0.05 and 0.01 levels, respectively. Blue arrows represent the function that has the higher
correlation coefficient (r2) between SPAD values and N application levels at the same growth stage in
different years.

Finally, based on the NNI, we evaluated the recommended N fertilization as per wheat
growth stage based on critical SPAD value under TR6S (Figure 7b). NNI is based on critical
nitrogen concentration in crops, which has reasonable biological significance and can
quantitatively reflect the nitrogen nutritional status in crops [13,14]. Here, we normalized
the NNI data (NNI−1), so when NNI is >0, equal to 0, and <0, it indicates excess, optimal,
and insufficient nitrogen application, respectively. It was observed that NNI normalization
results were always >0 before 53 days (anthesis stage) after wheat seedling emergence. This
indicated that under conventional fertilization strategy, excess nitrogen was provided to
wheat before anthesis, and a large amount of nitrogen was not effectively absorbed and
used. Thus, conventional nitrogen fertilizer strategy leads to considerable nitrogen wastage
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in the early stage of wheat growth. The early nitrogen reduction strategy based on the
nitrogen application recommendation model is consistent with the evaluation results of
NNI; therefore, it may be more in line with the law of wheat nitrogen demand. In addition,
after 53 days of wheat seedling emergence, all NNI normalization results were <0. This
indicated that after anthesis, the nitrogen supply under conventional nitrogen fertilizer
strategy was clearly insufficient. However, the recommended model revealed that delayed
nitrogen application may make up for nitrogen deficiency. Therefore, compared with
conventional fertilization strategy, nitrogen application rate in each growth stage under
TR6S recommended in this study was more optimal. As the drip-irrigated wheat system
is a newly developed technology in Xinjiang, the traditional nitrogen application strategy
mainly stems from the experience of farmers. It can be seen that the traditional nitrogen
fertilizer strategy not only has the phenomenon of nitrogen waste, but also the proportion
of nitrogen fertilizer allocation in each growth period is not scientific.

The disadvantage of this experiment is that there is no actual field production verifica-
tion experiment based on the staged nitrogen application strategy recommended by critical
SPAD value. Therefore, on the basis of staged nitrogen application strategy in this study,
a verification test combined with the nitrogen application frequency will be the focus of
our later research. Moreover, the N-Tester™ is a good meter for assessing nitrogen [44].
A comparison of accuracy between different nitrogen trophic trophic assmethods also
deserves intensive investigation.
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Figure 5. The relationship between SPAD values and N application levels at different growth stages 
of wheat. The SPAD values were measured in the L1–M of wheat. * and ** indicate significant dif-
ferences at 0.05 and 0.01 levels, respectively. Blue arrows represent the function that has the higher 
correlation coefficient (r2) between SPAD values and N application levels at the same growth stage 
in different years. 
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Figure 6. The relationship between nitrogen application levels and grain yield. Red numbers repre-
sent the theoretical maximum grain yield in 2021 and 2022, which were 8083 and 8309 kg ha−1, re-
spectively. ** indicates significant difference at the 0.01 level. Black numbers represent the nitrogen 
application level corresponding to the theoretical maximum grain yield in 2021 and 2022, which 

Figure 6. The relationship between nitrogen application levels and grain yield. Red numbers
represent the theoretical maximum grain yield in 2021 and 2022, which were 8083 and 8309 kg ha−1,
respectively. ** indicates significant difference at the 0.01 level. Black numbers represent the nitrogen
application level corresponding to the theoretical maximum grain yield in 2021 and 2022, which were
282 and 283 kg ha−1, respectively. Blue arrow represents the function that has higher correlation
coefficient (r2) between nitrogen application levels and grain yield in different years.

Table 2. Nitrogen application recommendation model as per wheat growth stage based on critical
SPAD values under TR6S (a new drip-irrigated system for spring wheat).

Growth Stages A B The Modal of
Recommended Rate

Recommended Nitrogen
Rate (kg/ha−1)

Jointing stage 31.37 0.028 N = 1403.4 − SPAD/0.028 69.4
Booting stage 28.238 0.055 N = 796.4 − SPAD/0.055 80.0
Anthesis stage 32.638 0.05 N = 935.8 − SPAD/0.05 90.8

Early milk stage 28.122 0.073 N = 668.2 − SPAD/0.073 44.0
Late milk stage 2.265 0.107 N = 304.2 − SPAD/0.107 6.0
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Figure 7. (a) Comparison of the recommended fertilization strategy and conventional fertilization
strategy. (b) Evaluation of the recommended fertilization strategy using NNI. The normalized value
of NNI (NNI−1) was calculated by NNI values subtracting 1. The black numbers represent the
percent change between the recommended and conventional N applications in different growth
stages of wheat.

4. Conclusions

In a two-year field experiment, we developed a model for nitrogen application rec-
ommendation as per wheat growth stage based on leaf SPAD values under a new type of
drip-irrigated system for spring wheat: TR6S. The results revealed that the SPAD value of
L1-M exhibited the highest correlation with plant nitrogen content, which could most accu-
rately reflect the nitrogen uptake by the plant. By quantitatively analyzing the functional
relationship between SPAD in L1-M and grain yield, the critical SPAD values of TR6S at the
jointing, booting, anthesis, early milk, and late milk stages were obtained as 37.34, 39.40,
42.25, 45.57, and 35.91, respectively. The results of this study provide important indicators
for the timely and accurate judgment of nitrogen nutritional status in various wheat growth
stages. In addition, through the nitrogen application model is based on the critical SPAD at
each growth stage, the recommended optimal nitrogen application rates at the jointing, boot-
ing, anthesis, early milk, and late milk stages were 69.4, 80.0, 90.8, 44.0, and 6.0 kg ha−1,
respectively. Compared with the conventional nitrogen application strategy, this nitrogen
application strategy exhibited a better parallel relationship with the nitrogen nutrition
index of each growth period. Therefore, it was more in-line with the actual absorption and
utilization of nitrogen in wheat.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy12102331/s1, Figure S1: Each plot was equipped with precision
water meter and small fertilizer pot for precise irrigation and fertilization; Figure S2: Schematic
diagram of wheat leaf types and positions to measure SPAD values.

https://www.mdpi.com/article/10.3390/agronomy12102331/s1
https://www.mdpi.com/article/10.3390/agronomy12102331/s1
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