
Citation: Jin, Q.; Tong, J.; Yao, Y.;

Chen, C.; Wang, F.; Peng, H.; You, J.;

Shaghaleh, H.; Hamoud, Y.A.

Chinese Violet Cress

(Orychophragmusviolaceus L.) Yield

and Nitrogen Balance in Response to

Coupling Effects of Water–Nitrogen

Application—A Case Study Using
15N Tracing Technique. Water 2023,

15, 904. https://doi.org/10.3390/

w15050904

Academic Editor: Junhong Bai

Received: 9 February 2023

Revised: 22 February 2023

Accepted: 23 February 2023

Published: 26 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Chinese Violet Cress (Orychophragmusviolaceus L.) Yield and
Nitrogen Balance in Response to Coupling Effects of
Water–Nitrogen Application—A Case Study Using 15N
Tracing Technique
Qiu Jin 1, Jian Tong 2, Yutian Yao 3, Chao Chen 3, Fan Wang 4, Hao Peng 4, Junjian You 1,*, Hiba Shaghaleh 5

and Yousef Alhaj Hamoud 6,*

1 Nanjing Hydraulic Research Institute, Nanjing 210000, China
2 Jiangsu Provincial Water and Soil Conservation Ecological Environment Monitoring Station,

Nanjing 210037, China
3 Jiangsu Coastal Development Group Co., Ltd., Nanjing 210036, China
4 Jiangsu Coastal Ecological Science and Technology Development Co., Ltd., Nanjing 210036, China
5 College of Environment, Hohai University, Nanjing 210098, China
6 College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China
* Correspondence: junjian_you@163.com (J.Y.); yousef-hamoud11@hhu.edu.cn (Y.A.H.)

Abstract: The accurate and efficient management of water and nitrogen is of significance for the
intensive production of field-cultivated flowers. To investigate the effects of different irrigation
and nitrogen application modes on the growth, development, and nitrogen use of Orychophragmus
violaceus, three nitrogen application doses of 120, 160, and 200 kg/ha and three irrigation treatments
of 50 + 30 mm (overwintering water and regreening water), 75 + 45 mm, and 100 + 60 mm were
implemented. The 15N isotope tracing technique was used to investigate the fertilizer nitrogen use,
soil nitrogen residue, and nitrogen balance of Orychophragmus violaceus, and the entropy weight
coefficient evaluation model was employed to optimize the water and nitrogen strategy. Results
showed that after the application of water and nitrogen, the fresh yield of Orychophragmus violaceus
increased by 21.4–49.3%, W2N3 possessed the most obvious effect on promoting yield increase, and
the fresh yield reached 31.1 t/ha. The highest plant nitrogen use efficiency (39.1%) was detected in
W2N2, but no significant (p > 0.05) difference of nitrogen use efficiency was found between W2N2
andW3N2. After the peak flowering period, 23.8–39.1% of the fertilizer nitrogen was absorbed by
the plants, 44.3–59.2% remained in the soil, and 13.7–21.6% was lost via deep seepage, a gaseous
state, or other unknown ways. A higher application amount of water or nitrogen increased the risk of
nitrogen loss. Among the treatments, W2N2 treatment has the highest entropy weight coefficient
evaluation value of 0.905, indicating that W2N2 was the water–nitrogen coupling mode with optimal
comprehensive benefits. It was recommended that 75 mm of overwintering water and 45 mm of
regreening water combined with a 160 kg/ha nitrogen application amount is the suitable water and
nitrogen regulation scheme for Orychophragmus violaceus.

Keywords: irrigation; nitrogen fertilizer; Orychophragmus violaceus; water and fertilizer regulation;
entropy weight coefficient

1. Introduction

China suffered from the excessive application of chemical fertilizers, especially ni-
trogen fertilizers. Although nitrogen fertilizers promoted stable crop production, they
caused a series of problems such as soil environmental damage, ecological degradation,
and non-point source pollution [1]. In recent years, the investigation on water and nitrogen
coupling schemes has been conducted in rice [2,3], maize [4,5], grapes [6], tomato [7],
celery [8], and other crops, and abundant results have been achieved. However, most
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water-and-nitrogen-related studies focused on food and cash crops; little attention has
been paid to green manure plants and ornamental plants. In addition, previous studies
commonly used nitrogen fertilizers without 15N labeling as the materials, which could
not effectively distinguish whether the measured N was from the fertilizer or soil when
analyzing the nitrogen utilization and residues [9]. Therefore, the fertilizer N distribution
and its driving mechanisms were unclear, which in turn affected the scientific decision on
irrigation and N application regimes.

Many studies believe that there may be coupling effects between water and
nitrogen [10,11], since the accurate management of water and nitrogen is of great im-
portance for sustainable agriculture [12,13]. Nitrogen application can promote root growth,
which is conductive for the roots to grow continuously and distribute widely in the soil,
seeking water and nutrients for their development. Previous studies have shown that nitro-
gen application can significantly increase the depth of root penetration [14,15]. Water can
promote the mineralization of soil organic nitrogen and provide more effective nutrients
for crops. An early study shows that there is a significant positive correlation between soil
water content and nitrogen mineralization, which can be expressed by a linear model [16].
Some studies have shown that different water and nitrogen supplies may affect the root
depth, root weight, and root–shoot ratio, thus affecting the plant utilization efficiency for
water and nitrogen [17,18]. The impact of water and nitrogen on different plants is quite dif-
ferent, and the appropriate water and nitrogen schemes for different plants should also be
different. Therefore, it is necessary to conduct research on the appropriate water–nitrogen
coupling effect for specific plants.

Chinese violet cress (Orychophragmus violaceus) is a well-adapted field flower widely
distributed in the USA, Netherlands, Israel, China, etc. It germinates in winter and flowers
in spring with a long flowering period [19,20]. Chinese violet cress can be used as an
ornamental plant and also as a green manure plant cultivated during the gap period of
crop rotation. However, in past years, since Chinese violet cress cannot bring any direct
economic value, the research on the scientific cultivation—in particular, the water and
fertilizer management—of Chinese violet cress were ignored. In this study, we assume
that different combined supplies of irrigation water and nitrogen fertilizer have different
effects on the crop yield and nitrogen absorption of Chinese violet cress as well as the
nitrogen balance in the soil–crop system, and there exists an optimal water–nitrogen
fertilizer co-ordinated treatment, which is conducive to crop yield increase and nitrogen
fertilizer efficiency improvement. Therefore, we designed different irrigation and nitrogen
application schemes to investigate the fertilizer nitrogen uptake, soil nitrogen residue, and
nitrogen balance of Chinese violet cress, and introduced the entropy weight coefficient
evaluation model to (1) evaluate the biomass and nitrogen use of Chinese violet cress under
different water–nitrogen treatments; (2) investigate the nitrogen balance in the soil–plant
system as influenced by the water and nitrogen supply; and (3) preferably select the water
and nitrogen scheme with a higher yield and nitrogen use efficiency of Chinese violet
cress but lower nitrogen residue and loss. The research results were expected to provide a
theoretical and practical basis for the scientific management of Chinese violet cress.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted from September 2020 to June 2021 at Tiaozini Reclama-
tion Area, Dongtai City, Jiangsu Province. The experimental site is located at the junction
of subtropical and warm temperate zone, with significant monsoon climate and abundant
rainfall. It has four distinct seasons. The average rainfall from 2010 to 2020 is 1054.2 mm,
and the sunshine duration is 2130.5 h. In recent years, the extreme maximum temperature
is 38.6 ◦C, the extreme minimum temperature is −5.8 ◦C, and the mean air temperature
is 23.6◦C. The total rainfall during the whole experimental period was 255.5 mm, and the
lowest rainfall occurred in February 2021, only 4.6 mm, and the highest was 68.2 mm in
July 2021.
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The soil properties were: total salt content of 3.6 g/kg, organic matter content of 2.2%,
and available nitrogen, phosphorus, and potassium contents of 105.4 mg/kg, 7.9 mg/kg,
and 98.4 mg/kg, respectively.

2.2. Experimental Design

Chinese violet cress was sown with rate of 6 g/m2 on 12 September 2020. The experi-
ment contained three different irrigation rates and three nitrogen application rates, with no
water and nitrogen supply as the control (CK), for a total of 10 treatments. Each treatment
was replicated three times. The experimental site was not isolated from natural rainfall, and
CK treatment did not accept additional irrigation water. During the experimental period,
two times of irrigation (overwintering water and regreening water) were applied, on 15 De-
cember 2020 and 26 March 2021, respectively. Fertilizer varieties were urea (NH2CO2NH2),
diammonium phosphate ((NH4)2·HPO4), and potassium sulfate (K2SO4) (produced by
Stanley Fertilizer Inc., China). The amounts of diammonium phosphate (150 kg/ha) and
potassium sulfate (120 kg/ha) were the same for each treatment, with 70% applied as basal
fertilizer and 30% as topdressing fertilizer. The N application rates consisted of 120, 160,
and 200 kg/ha and the irrigation rates consisted of 50 + 30 mm, 75 + 45 mm, and 100 +
60 mm, as shown in Table 1. The self-designed intelligent irrigation device was adopted
for the irrigation (Figure 1a,b). This automatic irrigation device is connected to municipal
water, so there is no filter. According to the system settings, it can automatically irrigate the
plants without manual work.

Table 1. Experimental design.

Treatment
Irrigation Amount (mm) Nitrogen Application Amount (kg/ha)

Overwintering Water Regreening Water Basal Fertilizer Topdressing Fertilizer

W1N1 50 30 84 36
W1N2 50 30 112 48
W1N3 50 30 140 60
W2N1 75 45 84 36
W2N2 75 45 112 48
W2N3 75 45 140 60
W3N1 100 60 84 36
W3N2 100 60 112 48
W3N3 100 60 140 60

CK 0 0 0 0
Note: W1, W2, and W3 represent different irrigation rates of 50 + 30 mm (overwintering water and regreening
water), 75 + 45 mm, and 100 + 60 mm. N1, N2, and N3 represent different nitrogen application rates of 120, 160,
and 200 kg/ha. CK was the control treatment without additional irrigation or nitrogen fertilizer supply.

The experiment was conducted using field block planting, with a single block area of
2 m × 2 m. Each treatment occupied three blocks, and the total experimental area covered
an area of 120 m2. Different blocks were separated by 60 cm deep PVC panels to prevent
lateral infiltration of water and fertilizer. A 0.5 m × 0.5 m micro-zone was set up in the
center of each block, where the Chinese violet cresses were applied with the 15N-labeled
urea (15NH2CO2

15NH2, abundance of 19.6%). Except for the use of 15N-labeled nitrogen
fertilizer, other fertilization and irrigation measures as well as field management in the
micro-zone were in line with that in the blocks.

2.3. Sampling and Measurement

Chinese violet cress biomass (fresh weight) (t/ha): At the end of the flowering period
(27 May), samples of the whole Chinese violet cress plants were dug out from the micro-
zone, the plant root was washed using clean water, and then the fresh weight of whole
plant was measured.

Total nitrogen in plant or soil (%): After measurement of fresh weight, plant samples
were placed into an oven at 70 ◦C temperature until they reached a constant weight. On 2
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June, the soil samples in the profile of micro-zone were collected using a twist auger at each
10 cm a layer, to the depth of 80 cm, then the soil samples were placed in a ventilated room
to dry naturally. The dried plant and soil samples were passed through 0.15 mm sieve,
and the total N content was determined by Kjeldahl’s method after being dissolved with
H2SO4-H2O2 [21].

15N atomic percentage excess (%): The 15N atomic percentage excess in plant or
soil samples was determined by isotope mass spectrometry (Finniga-Mat-251, Mass-
Spectrometers, Finnigan, Germany) [22].
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2.4. Data Analysis

The nitrogen use efficiency (15NUE) of Chinese violet cress was calculated according
to the equation [23]:

Ndff = Cs ×
Es

Ef

15NUE =

(
Ndff
Mf

)
× 100%

where Ndff (kg/ha) is the fertilizer nitrogen uptake of Chinese violet cress, Cs (kg/ha) is
the total nitrogen uptake of Chinese violet cress plants, Es (%) is the 15N atomic percent
excess of Chinese violet cress plants, Ef (%) is the 15N abundance of the labeled nitrogen
fertilizer, and Mf (kg/ha) is the total fertilizer nitrogen in the 15N-labeled nitrogen fertilizer.

Fertilizer nitrogen (15N) loss is calculated using the minusing method. The 15N loss is
the difference between the total applied 15N and the residual 15N in the 0–80 cm soil layer
plus the plant-absorbed 15N [16].

Data were analyzed using SPSS 17.0 software, and the significant differences among
different treatments were calculated according to Duncan’s multiple range test [24].

3. Results
3.1. Biomass (Fresh Weight) Accumulation of Chinese Violet Cress

The effects of different water–nitrogen treatments on the biomass accumulation of Chi-
nese violet cress were shown in Figure 2. The water–nitrogen treatments had a significant
yield-promoting effect, and the fresh weight of Chinese violet cress increased by 21.4–49.3%
for the different treatments compared to CK. The fresh weight of Chinese violet cress under
W2N3 treatment was the highest, reaching 31.1 t/ha, which was not significantly (p > 0.05)
different from that under W3N3. The fresh weight under W1N1 was the lowest, recorded as
20.1 t/ha. Under the same irrigation treatment, the fresh weight of Chinese violet cress was
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significantly and positively correlated with the applied nitrogen amount. Under the same
nitrogen application amount, the fresh weight of Chinese violet cress in the W2 irrigation
treatment was overall higher.
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nitrogen fertilizer supply. Different letters represent significant difference at 0.05 level.

3.2. Fertilizer Nitrogen Use Efficiency of Chinese Violet Cress

The effect of different water–nitrogen treatments on the fertilizer nitrogen utilization
efficiency of Chinese violet cress was displayed in Figure 3. The fertilizer nitrogen use
efficiency of Chinese violet cress under different treatments ranged from 23.8 to 39.1%. The
nitrogen use efficiency decreased when the nitrogen application rate was increased, and the
decrease range was especially greater when the nitrogen application rate increased from
160 kg/ha to 200 kg/ha. Among the different treatments, the nitrogen use efficiency of
W2N2 (39.1%) was the highest, but it was not significantly (p > 0.05) different from that of
W3N2 (36.2%).

3.3. Distribution of Fertilizer Nitrogen in the Soil Profile

An obvious difference in the nitrogen distribution of the soil profiles was detected
among the different treatments (Figure 4a–c), and this difference was more obvious in
the 0–40 cm soil layer. However, the fertilizer nitrogen (15N) was almost undetectable
in the 70 cm or below-70 cm soil layers. Under the same irrigation scheme, the increase
in the N application rate significantly increased the soil fertilizer nitrogen residues. The
nitrogen residues in the high nitrogen applied treatments W1N3, W2N3, and W3N3 reached
38.2, 33.6, and 33.9 kg/ha, respectively, which were visibly higher than those ofthe low
N treatments (corresponding to W1N1, W2N1, and W3N1). On the contrary, under the
same nitrogen application rate, the increase in the irrigation rate reduced the residual
nitrogen amount in shallow soil, and this decrease was more obvious when the irrigation
rate was increased from W1 to W2. When the irrigation amount increased from W1 to
W2, the residual N amount in the 10 cm soil layer was reduced by 12.4%, 6.5%, and 12.7%,
respectively, under the N1, N2, and N3 nitrogen applications.
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Figure 4. Profile distribution of soil residual fertilizer nitrogen under different treatments(a-c): W1, 
W2, and W3 represent different irrigation rates of 50 + 30 mm (overwintering water and 
regreening water), 75 + 45 mm, and 100 + 60 mm. N1, N2, and N3 represent different nitrogen 
application rates of 120, 160, and 200 kg/ha. 
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application rates of 120, 160, and 200 kg/ha. Different letters represent significant difference at
0.05 level.

Water 2023, 15, x FOR PEER REVIEW 6 of 14 
 

 

cde

ab
bcd abc

a

de

f
ef

g

15

20

25

30

35

40

45

50

W1 W2 W3

Irrigation Treatments

Fe
rti

liz
er

 N
 u

se
 e

ffi
ci

en
cy

 (%
)

N1 N2 N3

 
Figure 3. Effect of different water–nitrogen treatments on nitrogen use efficiency of Chinese violet 
cress: W1, W2, and W3 represent different irrigation rates of 50 + 30 mm (overwintering water and 
regreening water), 75 + 45 mm, and 100 + 60 mm. N1, N2, and N3 represent different nitrogen 
application rates of 120, 160, and 200 kg/ha. Different letters represent significant difference at 0.05 
level. 

3.3. Distribution of Fertilizer Nitrogen in the Soil Profile 
An obvious difference in the nitrogen distribution of the soil profiles was detected 

among the different treatments (Figure 4 a–c), and this difference was more obvious in 
the0–40 cm soil layer. However, the fertilizer nitrogen (15N) was almost undetectable in 
the 70 cm or below-70 cm soil layers. Under the same irrigation scheme, the increase in 
the N application rate significantly increased the soil fertilizer nitrogen residues. The 
nitrogen residues in the high nitrogen applied treatments W1N3, W2N3, and W3N3 
reached 38.2, 33.6, and 33.9 kg/ha, respectively, which were visibly higher than those 
ofthe low N treatments (corresponding to W1N1, W2N1, and W3N1). On the contrary, 
under the same nitrogen application rate, the increase in the irrigation rate reduced the 
residual nitrogen amount in shallow soil, and this decrease was more obvious when the 
irrigation rate was increased from W1 to W2. When the irrigation amount increased 
from W1 to W2, the residual N amount in the 10 cm soil layer was reduced by 12.4%, 
6.5%, and 12.7%, respectively, under the N1, N2, and N3 nitrogen applications. 

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50
Soil residual 15N (kg/ha)

So
il 

de
pt

h 
(c

m
)

W1N1

W1N2

W1N3

(a)

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50
Soil residual 15N (kg/ha)

So
il 

de
pt

h 
(c

m
)

W2N1

W2N2

W2N3

(b)

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50
Soil residual 15N (kg/ha)

So
il 

de
pt

h 
(c

m
)

W3N1

W3N2

W3N3

(c)

 
Figure 4. Profile distribution of soil residual fertilizer nitrogen under different treatments(a-c): W1, 
W2, and W3 represent different irrigation rates of 50 + 30 mm (overwintering water and 
regreening water), 75 + 45 mm, and 100 + 60 mm. N1, N2, and N3 represent different nitrogen 
application rates of 120, 160, and 200 kg/ha. 

Figure 4. Profile distribution of soil residual fertilizer nitrogen under different treatments (a–c) W1,
W2, and W3 represent different irrigation rates of 50 + 30 mm (overwintering water and regreening
water), 75 + 45 mm, and 100 + 60 mm. N1, N2, and N3 represent different nitrogen application rates
of 120, 160, and 200 kg/ha.

3.4. Balance of Fertilizer Nitrogen

After the peak flowering period, 23.8–39.1% of the fertilizer nitrogen (15N) was ab-
sorbed by the Chinese violet cress plants, 44.3–59.2% was residual in the soil, and 13.7–21.6%
was lost through deep seepage, a gaseous state, or other unknown pathways (Table 2). The
total residual nitrogen amount was greater under a high nitrogen application treatment
when the irrigation scheme was the same. The amounts of soil fertilizer nitrogen residues
reached 118.33, 98.40, and 99.87 kg/ha for W1N3, W2N3, and W3N3, respectively, almost
twice as much as in the low nitrogen application treatment. The lowest total residual
nitrogen was found in the medium nitrogen application treatment (W2N2) at 70.88 kg/ha,
but it was not significantly (p > 0.05) different compared to W3N2. Nitrogen loss was
highest in W3N3, recorded as 43.13 kg/ha, indicating a significantly (p < 0.05) higher risk of
nitrogen loss when under a high water and high nitrogen application treatment. The lowest
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nitrogen loss was found in the W1N1 treatment, at a rate of 16.44 kg/ha. The increased N
application or irrigation amount resulted in more fertilizer nitrogen loss.

3.5. Entropy Weight Coefficient Evaluation of the Water–Nitrogen Schemes

In this study, the entropy weight coefficient evaluation model was used to evaluate
the optimal water and nitrogen scheme for Chinese violet cress, and the preferences were
oriented toward a high yield, high nitrogen use efficiency, low nitrogen residual, and low
nitrogen loss. Therefore, the fresh weight of Chinese violet cress, fertilizer nitrogen use
efficiency, nitrogen residual rate, and nitrogen loss rate were selected as the evaluation
indices, as shown in Table 3.

Table 2. Balance of fertilizer nitrogen (15N).

Treatment
Total 15N

Application
(kg/ha)

Plant Uptake 15N 15N loss Soil Residual 15N

Amount
(kg/ha) Ratio (%) Amount

(kg/ha) Ratio (%) Amount
(kg/ha) Ratio (%)

W1N1 120 42.68 ± 1.23 ef 35.6 16.44 ± 0.39 g 13.7 60.88 ± 1.62 e 50.7
W1N2 160 51.68 ± 2.88 cd 32.3 24.32 ± 0.26 de 15.2 84.02 ± 3.14 c 52.5
W1N3 200 47.67 ± 2.61 de 23.8 34.00 ± 2.54 c 17.0 118.33 ± 5.15 a 59.2
W2N1 120 45.48 ± 0.98 ef 37.9 17.76 ± 0.78 fg 14.8 56.76 ± 1.76 e 47.3
W2N2 160 62.61 ± 2.68 ab 39.1 26.51 ± 2.03 d 16.6 70.88 ± 4.70 d 44.3
W2N3 200 63.03 ± 1.98 a 31.5 38.60 ± 1.80 b 19.3 98.40 ± 3.77 b 49.2
W3N1 120 39.88 ± 1.18 f 33.2 20.52 ± 1.03 ef 17.1 59.60 ± 2.21 e 49.7
W3N2 160 57.87 ± 2.29 ab 36.2 31.04 ± 0.47 c 19.4 71.09 ± 2.74 d 44.4
W3N3 200 57.02 ± 3.68 bc 28.5 43.13 ± 2.49 a 21.6 99.87 ± 6.15 b 49.9

All figures. Note: W1, W2, and W3 represent different irrigation rates of 50 + 30 mm (overwintering water and
regreening water), 75 + 45 mm, and 100 + 60 mm. N1, N2, and N3 represent different nitrogen application rates of
120, 160, and 200 kg/ha. Different letters mean significant differences at 0.05 level.

Table 3. Evaluation indicators and indicator values.

Treatment Fresh Weight (kg/ha) Nitrogen Use Efficiency (%) Soil Residue(%) Nitrogen Loss (%)

W1N1 20.1 35.6 50.7 13.7
W1N2 23.4 32.3 52.5 15.2
W1N3 26.6 23.8 59.2 17.0
W2N1 22.0 37.9 47.3 14.8
W2N2 26.2 39.1 44.3 16.6
W2N3 31.1 31.5 49.2 19.3
W3N1 23.5 33.2 49.7 17.1
W3N2 25.8 36.2 44.4 19.4
W3N3 29.4 28.5 49.9 21.6

Note: W1, W2, and W3 represent different irrigation rates of 50 + 30 mm (overwintering water and regreening
water), 75 + 45 mm, and 100 + 60 mm. N1, N2, and N3 represent different nitrogen application rates of 120, 160,
and 200 kg/ha.

The entropy weight coefficients were modeled for the indicators in Table 3 as the
following steps [25,26]:

Assuming that there are m modes of water and nitrogen schemes for Chinese violet
cress and n evaluation indicators, the evaluation matrix can be obtained using m schemes
corresponding to n indicators as follows (m = 9 and n = 4 according to the experimental
design and evaluation indicator selection in this study).

R = (rij)m×n (1)

where rij is the value of the jth indicator in the ith water–nitrogen regulation scheme. For a
certain indicator rj, there is the information entropy:

Ej = −
m

∑
i=1

pij ln pij, (j = 1, 2, 3, . . . n) (2)
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and

pij = rij/
m

∑
i−1

rij

The entropy value of the jth indicator value can be calculated by the following
equation:

ej =
1

ln m
Ej, (j = 1, 2, 3, . . . , n) (3)

The objective weight of the jth indicator is calculated by the following equation:

θj = (1 − ej)/
n

∑
i=1

(1 − ej), (j = 1, 2, 3, . . . , n) (4)

The above calculation showed that 0 ≤ θj ≤ 1,
n
∑

j=1
θj = 1. When evaluating some

specific water and nitrogen schemes, subjective experience also plays an important role.
Therefore, the subjective weights ω1, ω2, ω3, . . . , ωn was integrated with the objective
weights θj (j = 1,2,3,..., n) to obtain the new indicator weights:

αj = θjωj/
n

∑
j=1

θjωj, (j = 1, 2, 3, . . . , n) (5)

If the optimal value of each indicator column in the evaluation matrix R is rj
∗, the

evaluation matrix data can be normalized according to the rj
∗ value. The normalized value

of rj
∗ is mainly determined by the nature of the indicators. In this study, the fresh weight

and nitrogen utilization efficiency of Chinese violet cress are profitable indicators, which is
in line with the principle of “the greater, the better”; the nitrogen residue and loss are loss
indicators, in line with the principle of “the smaller, the better”. Therefore, the normalized
index values dij can be obtained:

dij =


rij
rj
∗ , rj

∗ = max
{

rij
}

rj
∗

rij
, rj

∗ = min
{

rij
} (6)

The entropy weight evaluation value λi of different water–nitrogen schemes for Chi-
nese violet cress can be calculated by the following equation:

λi =
n

∑
j=1

αdij, i = 1, 2, 3, . . . , m. (7)

According to the model calculation method, the index values in Table 3 were analyzed
and processed to obtain the objective weights of 0.2719, 0.3113, 0.1139, and 0.3028 for the
four indicators of Chinese violet cress fresh weight, nitrogen use efficiency, nitrogen residue,
and nitrogen loss, respectively. To prevent the subjective weights from interfering with the
evaluation results, the subjective weights of the indicators were all set to 0.25 in this study.
The calculated entropy weights of different Chinese violet cress water–nitrogen schemes
were shown in Figure 5. According to the model principle, the W2N2 treatment obtained
the highest entropy weight coefficient evaluation value of 0.905, indicating that W2N2
was the most effective water–nitrogen treatment for Chinese violet cress; i.e.,75 mm of
overwintering water and 45 mm of regreening water combined with 160 kg/ha of fertilizer
nitrogen application were the recommended for cultivating Chinese violet cress.
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ments for Chinese violet cress: W1, W2, and W3 represent different irrigation rates of 50 + 30 mm
(overwintering water and regreening water), 75 + 45 mm, and 100 + 60 mm. N1, N2, and N3 represent
different nitrogen application rates of 120, 160, and 200 kg/ha.

4. Discussion

There is a coupling effect between irrigation water and nitrogen fertilizer [27]. Irriga-
tion water is the carrier of the nitrogen element, and suitable irrigation water is conducive
to the formation of soluble nitrogen available for plants. On the contrary, a suitable amount
of nitrogen application promotes the growth and development of the plant root system,
which promotes the uptake of soil water by plant roots in a wider area [28]. In this study, the
coupling effect of water and nitrogen was significant, and the highest fresh yield of Chinese
violet cress was achieved under the treatment with a medium water and high nitrogen
supply (W2N3), where a yield increase of 49.3% was detected compared to CK. The results
of Chao [29] indicated that the fresh yield of Chinese violet cress could be increased by
88.3% maximally after irrigation and fertilization; this increase range was slightly higher
compared to that of this study, probably due to the fact that the early research by Chao
also increased the application of phosphorus fertilizer. Our overall results showed that the
coupling effects of water and nitrogen existed in the growth of Chinese violet cress, which
further extended the basal theory of water and nitrogen coupling. Nitrogen application
might increase soil water availability, and the soil water constant changed after nitrogen
application [30]. The soil available water, saturated water content, and field water capacity
all increased as the nitrogen application amount increased, but the soil wilting humidity
would not change [31]. In addition, some studies [32,33] have shown that nitrogen ap-
plication can activate soil water in deeper layers, improve the ability of crops to absorb
deep water, and promote the conversion of soil water that could not be easily absorbed
into the available water. On the contrary, the appropriate water conditions were conducive
to promoting the transport of mineral nutrients through mass flow and diffusion, and
improving the intensity and amount of soil mineral nutrients absorbed by crops [34].

Plants can take up nutrients in the available state, and only when the content of
available nutrients in the soil is extremely low do plants turn on the absorption mechanism
to take up a small molecule of nitrogen in the organic state [35]. In this study, the nitrogen
use efficiency under W1N3 was at the lower level among the treatments, which might
be due to the fact that the relatively low irrigation amount of W1 was not conducive to
transforming the nitrogen from the fertilizer state to available state. On the other hand,
although irrigation water promoted the dissolution of nitrogen fertilizer in the soil to form
the plant-preferred ammonium and nitrate nitrogen, an excessive water supply inevitably
carries fertilizer nitrogen into deeper soil layers [36]. This study found that the increase in
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irrigation water decreased the fertilizer nitrogen content in shallow soil layers (Figure 4),
this was consistent with the previous research results [37]. The low nitrogen use efficiency
detected under W3N3 might also be explained by the fact that the irrigation amount of W3
caused more nitrogen loss or nitrogen migration to deeper soil below the main root zone,
resulting in the decrease of nitrogen use efficiency; another reason might be that the plants
could not absorb the excessive applied nitrogen at the N3 application rate, resulting in a
nitrogen surplus and a decrease in nitrogen use efficiency. In addition, water and nitrogen
have a significant impact on the plant root length and root–shoot ratio, thus affecting
the plant water and nitrogen utilization. A study shows that the root and shoot biomass
significantly varied with the N rates [38]. Another study points out that the root–shoot
relationship is more affected by the planting pattern than by the N application rate [39].
Increasing the N supply may improve the root length density, surface area, and root dry
weight [40]. However, it should be noticed that compared to being under water or nutrient
stress, the plant roots under sufficient nitrogen will not grow into such depths.

This study found that about 50% of the fertilizer nitrogen remained in the soil after
the bloom period, which was similar to the results of previous studies on many other
plants. For example, in a flue-cured tobacco study by Hou [41] which observed that 62.4%
of the applied nitrogen fertilizer remained in the soil after the tobacco harvest, the fertilizer
nitrogen formed into soil nitrogen to be absorbed by subsequent plants. In tomato, it was
found that 46.2% of fertilizer nitrogen remained in the soil at the end of the first crop of
tomato cultivation [42]. The high proportion of residual fertilizer nitrogen might be due to
the fact that a significant proportion of the nitrogen absorbed by the crop originated from
the soil nitrogen, and the crop’s dependence on the soil N was more pronounced in the
late growth stages [43]. The fertilizer nitrogen remaining in the soil would convert to soil
nitrogen through a series of biochemical processes for the continued uptake by subsequent
crops. A study by Dong [44] showed that the utilization efficiency of soil residual fertilizer
nitrogen from the previous season by the subsequent crop could reach up to 14.1%.

After the absorption of water and nitrogen fertilizer, the plant biomass of the Chinese
violet cress increased significantly, and the ornamental effect was better. Moreover, after
the flowering period, the Chinese violet cress could be used as green manure and rolled
into the soil, which could improve the soil quality and promote the growth of subsequent
crops. The greater the Chinese violet cress yield was, the more exogenous ameliorators the
soil received. Therefore, regulating Chinese violet cress growth with water and fertilizer
was a pathway with double benefits. However, in recent years, investigations regarding
water, fertilizer, and nitrogen-15 tracing were widely conducted in grain crops [45,46]; few
studies focused on water and nitrogen management for Chinese violet cress. As one of the
plants cultivated in the gap period between rotation crops, Chinese violet cress’s water
and nitrogen absorption was also a key link in the nitrogen cycle of the “soil–crop” system,
which should not be ignored. In this paper, the entropy weight coefficient evaluation
method was used to select the most suitable water–nitrogen coupling mode for the Chinese
violet cress. Since the selection of the Chinese violet cress water–nitrogen coupling mode
involved multiple schemes and multiple indicators, only relying on subjective decision
has various limitations; the entropy weight coefficient model provided a relatively more
scientific pathway for the selection. However, it should be noted that the accuracy of
the entropy weight coefficient evaluation model was affected by multiple factors such as
the data quantity, scheme number, and the weight distribution. A greater data quantity
and scheme number combined with a more reasonable weight distribution led to a more
accurate calculation result of the entropy weight coefficient. The evaluation result by
entropy weight coefficient in this study can be used to assist in the practical scheme
decision, while when formulating a water–nitrogen strategy, the parameters might need
minor changes. Moreover, this study investigated the absorption of 15N by Chinese violet
cress and the residue and loss of 15N in the soil through the application of exogenous
15N. The future study may focus on how and how much the plant nitrogen of Chinese
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violet cress is absorbed by subsequent crops after rolling into the soil as fertilizer; this is
conducive to the scientific cultivation and utilization of Chinese violet cress.

5. Conclusions

After the application of water and nitrogen, the fresh yield of Orychophragmus violaceus
increased by 21.4–49.3%, W2N3 possessed the most obvious effect on promoting yield
increase, and the fresh yield reached 31.1 t/ha. The highest plant nitrogen use efficiency
(39.1%) was detected in W2N2, but no significant (p > 0.05) difference of nitrogen use effi-
ciency was found between W2N2 andW3N2. After the peak flowering period, 23.8–39.1%
of the fertilizer nitrogen was absorbed by the plants, 44.3–59.2% remained in the soil, and
13.7–21.6% was lost via deep seepage, a gaseous state or other unknown ways. Among the
treatments, W2N2 was proven to be the water–nitrogen coupling mode with the optimal
comprehensive benefits. We concluded that a 75 mm of overwintering water and 45 mm of
regreening water combined with 160 kg/ha nitrogen application amount was the suitable
water and nitrogen regulation scheme for Orychophragmus violaceus.
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