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Abstract: Limited water resources and low water productivity limit the sustainable development of
agriculture in northwest China. In this study, drip irrigation under plastic film was used to achieve an
optimal water deficit irrigation (WDI) scheme for the cultivation of indigowoad root (Isatis tinctoria
L.). Field water control experiments were conducted in 2016 and 2017. Evaluation of WDI schemes
was carried out by considering five indices: water consumption, yield, water use efficiency (WUE),
indigo, and (R,S)-goitrin. To enhance the reliability of results, the analytic hierarchy process (AHP)
and entropy weight method (EWM) were adopted to calculate the combined weight of the evaluation
index. Finally, an improved technique for order of preference by similarity to ideal solution (TOPSIS)
that integrated AHP-EWM weights was used to construct a unified, comprehensive evaluation
model of indigowoad root under mulched drip irrigation that would produce high yield while
saving water. The evaluation results indicated that mild WD (specifically, the V1GI treatment) was
continuously exerted during the vegetative and fleshy root growth periods, which enhanced the
WUE and improved the quality of indigowoad root to a certain extent without significantly reducing
the yield. These results provide a scientific basis for irrigation of indigowoad in northwest China and

other areas with a similar environment.

Keywords: indigowoad root; water deficit irrigation; TOPSIS; combination weights; comprehen-

sive evaluation

1. Introduction

Water shortage is a common problem faced by global dryland agriculture [1]. North-
west China, located in the hinterland of Eurasia, is a typical dryland agricultural region
with a dry climate, scanty rainfall, intense evaporation, and a shortage of surface water
resources. Agricultural irrigation is primarily flood irrigation from wells, and the efficiency
of irrigation water use is very low [2]. Groundwater levels have fallen sharply due to severe
overexploitation, and regional agricultural and ecological water requirements cannot be
met under existing water resources [3]. Hence, desertification is increasing every year, and
the ecological environment continues to deteriorate. Gansu Province, one of the five north-
western provinces, is an important area for the production of Chinese medicinal materials.
In 2015, the province’s planting area of Chinese medicinal materials was approximately
258,666.67 ha, with an output of 990,000 tons, making it the highest ranked province in
the country in terms of area and total output [4]. Indigowoad root, which belongs to the
Brassicaceae family, is a traditional Chinese herbal medicine and a characteristic medicinal
crop of Minle County. The roots and leaves, which are used in medicines, have various
effects, such as clearing heat, detoxification, cooling blood, and lowering pharyngeal se-
cretions [5]. With the increasing depletion of wild Chinese medicinal materials and the
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gradual improvement in people’s awareness of prevention and health care, its market
prospect is broad. However, Minle County is located in the middle of the Hexi Corridor
of Gansu Province, where rainfall is unevenly distributed over time and space. There is
often insufficient rainfall during the growing period, which affects the growth and yield of
indigowoad root [6]. Irrigation is an important factor for indigowoad root production in
the region. Water deficit irrigation (WDI) is an irrigation model based on the physiological
characteristics of crops that can fully tap the potential of efficient utilization of crop water
and maintain yield without decreasing or increasing on the basis of incomplete water
requirements of crops [7]. Numerous studies have shown that WDI is effective for saving
water and improving the quality of field crops [8,9]. Therefore, searching for a suitable
high-efficiency irrigation model is of great significance for the sustainable development of
the indigowoad root industry.

The technique for order of preference by similarity to ideal solution (TOPSIS) method,
first proposed in 1981 by scholars C.L. Hwang and K. Yoon, is a commonly applied com-
prehensive evaluation method that makes full use of the original data, and the results can
accurately reflect the gap between various evaluation schemes [10]. The determination
of the weight of each index in the evaluation system is key to the quality of a compre-
hensive evaluation [11]. The weight determination methods are primarily divided into
two categories: the subjective weighting method (expert investigation, analytic hierar-
chy process (AHP), binomial coefficient method, and others) and the objective weighting
method (principal component analysis, entropy weight method (EWM), and multiobjective
programming method) [12]. The subjective weight is based on the evaluator’s subjective
judgment and is obtained after processing. Although this method can effectively avoid a
situation where the attribute weight is contrary to the actual importance of the attribute,
the result is subjective and arbitrary, and the result is also easily influenced by the level of
knowledge and experience of the decision-makers. Hence, there are greater limitations in
practical application. The objective weighting method is based on the original data, and
the weights are confirmed using relatively complete mathematical theories and methods.
Although the weighting is more objective, it ignores the importance of people of different
attributes, and sometimes the determined weight is not in accordance with the actual impor-
tance of the attribute [13]. Zheng et al. [14] evaluated the comprehensive nutritional quality
evaluation indices of tomatoes irrigated with biogas slurry, and the combined weighting
method of game theory was adopted to obtain the weight of the individual nutritional
quality of each tomato based on the AHP and the coefficient of variation method. Cui [15]
and Zheng et al. [16] used the EWM to determine the objective weight of the evaluation
indices when establishing a fuzzy evaluation model for the regulated deficit irrigation (RDI)
of the jujube tree and greenhouse small watermelon. They obtained the comprehensive
weight of the evaluation indices combined with expert prediction method, which improved
the reliability of the model evaluation. According to the advantages and disadvantages of
the subjective or objective weighting methods, AHP and EWM are selected to determine
the subjective and objective weights of the evaluation indicators, respectively. This study
adopts the combination weight (CW) method of the two methods for weighting, which
unifies the subjective and objective weight and makes the decision reasonable and reliable.

The application of TOPSIS in agricultural soil and water primarily focuses on agri-
cultural climate change [17,18], the assessment of soil and water resources in agricul-
ture [19,20], the evaluation of the benefits of water and fertilizer integration [21,22], agri-
cultural irrigation distribution [23,24], and irrigation network management [25,26]. The
abovementioned large number of reports confirm the successful application of TOPSIS in
various fields. The method improves the scientificity, accuracy, and operability of mul-
tiobjective decision analysis and ensures the evaluation effect is stable and reliable [27].
Similarly, some scholars have also used TOPSIS for evaluation of crop water regulated
deficit irrigation. Jiang et al. [28] used the TOPSIS model to evaluate the fruit quality of
tomatoes with water treatment during different growth stages, and the results showed
that the moderate water deficit (WD) at the flowering and fruiting stages of tomatoes
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ranked higher in comprehensive fruit quality. Keabetswe et al. used the TOPSIS model for
comprehensive analysis of tomato fruit quality under the combination of biochar and WDI
and found that the highest-ranking fruit quality was obtained for two consecutive growing
seasons under the design limit of 70% field water-holding capacity at ripening and 10%
biochar by weight, which was confirmed using a combination evaluation method [29]. The
TOPSIS model evaluation by Liu et al. on the yield, quality, and water use efficiency (WUE)
of coffee under combinations of different shading or nitrogen levels and the degree of
water deficit showed that the comprehensive evaluation of DI75Shsg (75% of full irrigation
amount and 30% of shading natural light intensity) under different shading conditions was
optimal. However, the comprehensive benefit of DIgyNy (80% of full irrigation amount
and 140 gN-plant~!) under different nitrogen levels was the best [30,31]. Cheng et al. [7]
adopted TOPSIS to evaluate the WD patterns under alternate partial root irrigation in
maize. Overall, it can be seen that the TOPSIS method can be used to evaluate a crop WDI
system, and its application in agricultural production practice has great room for develop-
ment, especially for the cultivation of medicinal crops in arid areas. At the same time, the
evaluation of crop irrigation schemes is still mostly based on measured data, such as yield,
quality, and WUE, while evaluation of irrigation schemes based on mathematical models is
relatively rare, especially for medicinal crops. Therefore, in this study, a comprehensive
evaluation model of the WUE, yield, and quality of indigowoad root was established using
the improved TOPSIS method. The hypothesis was that evaluation of the mathematical
model of the WDI scheme for medical crops would be consistent with measured results
and would be reasonable and reliable. The objective of this study was to (1) determine
a suitable WDI scheme to ensure high WUE and quality of the medicinal material Isatis
tinctoria and (2) provide useful guidelines for the optimization of water-saving irrigation
schemes for the cultivation of medicinal crops in the arid region of northwest China.

2. Materials and Methods
2.1. Description of the Experimental Site

The irrigation experiment was conducted at the Yimin Irrigation Experiment Station
in Minle County, Zhangye City, Gansu Province, located in northwest China. The experi-
mental station was located in the middle reaches of the Hexi Corridor (100°43’ E, 38°39’ N),
and the altitude was 1970 m. The experimental site has a continental desert grassland
climate. The annual mean air temperature is 6 °C, the highest extreme temperature is
37.8 °C, and the lowest extreme temperature is 33.3 °C. According to the rainfall data from
1995 to 2015, the average annual rainfall in this region is 215 mm. The region has abundant
light resources with annual sunshine hours of 3000 h and an average frost-free period of
125 days. The soil is light loam with a field water holding capacity (6) of 24% (mass water
content) and a soil bulk density of 1.4 t-m~3. The groundwater level is below 20 m, and the
irrigation area is not affected by salinization.

2.2. Experimental Design and Field Management

The tested variety was self-produced large, full-bodied, and uniform seeds of in-
digowoad root that were selected from the Chinese Herbal Medicine Department of Gansu
Agricultural University. The indigowoad root (Isatis tinctoria L.) was seeded on 3 May
2016 and 2 May 2017 and harvested on 13 October 2016 and 11 October 2017. The sowing
rate was 30.0 kg-ha~?2, and the planting density was 700,350 plants-ha~2. Prior to sowing,
the test plot was tilled to 30 cm; weeds were removed manually; and 210 kg-ha=? of urea
(46% N), 340 kg~ha’2 of calcium superphosphate (12% P05, 10% S, and 16% Ca), and
270 kg-ha2 of source potassium (25% K,0) were applied. All of the above fertilizers were
applied as a base fertilizer at sowing. Three drip irrigation strips were laid manually in
each plot with a distance of 1 m and a distance of 30 cm between the drip heads. The
average flow rate of the drip head during irrigation was 2.5 L-h~!. The drip irrigation pipe
adopted the branch control method, which consisted of a control valve that was installed
in each community to control the irrigation volume of the community at any time. The
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pressure gauge and the water meter were located at the drip irrigation hub, and the system
working pressure was 0.1 MPa. After the drip irrigation was laid, it was covered with a
colorless plastic film with a film width of 120 cm. Each test plot was separated by a 60 cm
wide film to prevent water from seeping underground.

The growth of indigowoad root was divided into four growth periods according to its
growth characteristics: seedling stage, vegetative growth stage, fleshy root growth stage,
and fleshy root maturity stage. Four gradients were set for the soil moisture: full irrigation
(FI, 75-85% soil moisture content (SMC)), mild water deficit (65-75% SMC), moderate WD
(55-65% SMC), and severe WD (45-55% SMC). There were 10 water control treatments in
total, of which FI was the control treatment. The experiment was arranged in a single-factor
randomized block design with three replications for a total of 30 plots during the two
seasons. Each plot was 36 m? (9m x 4 m). The irrigation method was drip irrigation under
the film, and when the actual measured value of the SMC was lower than the lower limit
of the threshold of the experimental design (Table 1), the water was filled immediately. The
specific test design is shown in Table 1.

Table 1. The WDI scheme.

Treatment Number

Soil Moisture Contents of Different Treatments (Percentage of Field Capacity) %0y

Treatment

Seedling Vegetative Fleshy Root Growth Fleshy Root Maturity

V1G0 V, mild WD 75-85 65-75 75-85 75-85
V2G0 V, moderate WD 75-85 55-65 75-85 75-85
V3G0 V, severe WD 75-85 45-55 75-85 75-85
V1G1 V, mild WD; G, mild WD 75-85 65-75 65-75 75-85
V1G2 V, mild WD; G, moderate WD 75-85 65-75 55-65 75-85
V2G1 V, moderate WD; G, mild WD 75-85 55-65 65-75 75-85
V2G2 V, moderate WD; G, moderate WD 75-85 55-65 55-65 75-85
V3G1 V, severe WD; G, mild WD 75-85 45-55 65-75 75-85
V3G2 V, severe WD; G, moderate WD 75-85 45-55 55-65 75-85

FI Full irrigation 75-85 75-85 75-85 75-85

Note: The letters V and G in the table represent the vegetative growth period and the fleshy root growth period, respectively, and the
subscripts 0, 1, 2, and 3 indicate full water supply, mild water deficit (WD), moderate WD, and severe WD, respectively.

2.3. Measurements and Calculations
2.3.1. Soil Moisture Content

During the growth period, the SMC was measured using the traditional drying method
every 7-10 days randomly at the midpoint of the line of two indigowoad root plants, with
3 measuring points in each plot. This was done using soil drills to sample six layers; one
sample was taken in the first 10 cm of the soil. Then, samples were taken at intervals of
20 cm, from 20-80 cm in depth. Because the root system of the indigowoad root is primarily
distributed in the 50 cm soil layer, the average value of water content in the 60 cm soil layer
was used as the basis for irrigation.

The formulas for calculating the irrigation amount for the indigowoad root are as follows:

0 =m, —my/my 1

M = 107H,P(6; — 6;) )

where 6 is the soil mass water content (%); m, and m,, are the weights of fresh soil and dry
soil, respectively, (g); M is the amount of irrigation water (mm); v is the volume density of
the planned wet layer (g-cm™2); H), is the depth of the planned wet layer (60 cm); 6; is the
design control upper limit moisture content (field water capacity multiplied by upper limit
of design control relative moisture content,%); 9]- is the mass moisture content of the soil
before irrigation (%); and P is the design wet ratio of the drip irrigation (65%).

2.3.2. Plant Yield

The actual yields of each treatment were averaged over three replications when the in-
digowoad roots matured and were harvested separately by plot for the yield measurements.
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2.3.3. Water Consumption and Water Use Efficiency

The stage water consumption was calculated using the water balance method:

n
ET],Z = 10271H1(W11 —Wi2)+M+P+K—C (3)
i=1

where ET;_, is the stage water consumption of the indigowoad root (mm); i and »n are
the soil layer number and total number, respectively; 7; is the i-th layer soil bulk density;
H; is the i-th layer soil layer thickness (cm); W;; and Wi, are the moisture content of the
i-th soil at the beginning and end of a certain period (%), respectively; and M, P, K, and C
are the amount of irrigation, precipitation, supplement, and drainage of deep soil water,
respectively, during this period (mm). The depth of the groundwater in the test region was
greater than 20 m, so there was no need to consider deep water supplementation, and K
was 0. The test region was an arid area and drip irrigation failed to make the SMC reach
the saturation value, and no leakage occurred. Hence, C was taken to be 0.

WUE = Y/ET, 4)

where WUE is the water use efficiency (kg-ha=2-mm™1!); Y is the total root yield (kg-ha=?2);
and ET, is the water consumption during the entire indigowoad root growing period (mm).

2.3.4. Root Quality

High-performance liquid chromatograph (LC—10ATVDP, Shimazu Co., Kyoto, Japan)
was used for the determination of the indigowoad root quality. The specific determination
method is provided in [32].

2.3.5. Determination of Weights

The analytic hierarchy process (AHP) is a comprehensive evaluation method of sys-
tematic analysis and decision-making established by the American operations researcher
T.L. Saaty in the 1970s [33,34]. It can also be used to determine the weight coefficient of the
evaluation index [35]. The specific steps are as follows:

(1) The relationship between various factors in the system are analyzed, and the hierar-
chical structure of the system is established.

(2) Pair comparison is made of the relative importance of indicators at different levels and
quantified on a scale from 1 to 9 in the definition of judgment matrix scale (Table 2).
After that, the judgment matrix O — C = (a;;) of pairwise comparison is formed
by the quantization results.

(3) The subjective weights from the judgment matrix (ws;)are calculated. Then, the
consistency of the judgment matrix is tested to ensure the scientificity and reliability
of the calculation.

nx

Table 2. Judgment matrix scale definition.

Scale Meaning

1 Comparison represents two factors having the same importance.

3 Comparison represents two factors, with the former slightly more important than the latter.

5 Comparison represents two factors, with the former significantly more important than the latter.
7 Comparison represents two factors, with the former strongly more important than the latter.

9 Comparison represents two factors, with the first extremely more important than the latter.

2,4,6,8 Represents the median value of the above adjacent judgment.
Reciprocal If the ratio of importance of factor i and factor j is a;, then the ratio of importance of factor j and factor i is a;; = 1/a;

Among them, the method of calculating the weight includes the following:
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a. Arithmetic average method:

1 n n
W=} (”if/ )y ﬂkj) ®)
j k=1

j=1

b.  Geometric average method:

w= (T /£ (o) ©
=1

k=1 \j=1

c. Eigenvector method: The maximum eigenvalue of the matrix O — C = (ai]-)nxn and

its corresponding eigenvector are found, and the obtained eigenvector is normalized
to obtain the weight result.

Among them, the steps for consistency check of the judgment matrix are as follows:

a. The consistency index (CI) is calculated as follows:
Cl=Mpax—n)/(n—1) 7)

where A,y is the maximum eigenvalue of the judgment matrix O — C, and n is the
number of valuation index.
The corresponding average random consistency index (RI) is found (Table 3).

C. The consistency ratio (CR) is calculated as follows:

CR = CI/RI 8)

Table 3. Average random consistency index.

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 0 052 089 112 124 136 141 146 149 152 154 156 1.58

When CR is less than 0.10, the consistency of the judgment matrix is considered
acceptable; otherwise, the judgment matrix should be appropriately amended.

The basic idea of the entropy weight method (EWM) is to determine the objective
weight according to the variability of the index [36,37]. The specific steps are as follows:

(1) The data is standardized. According to the data of n evaluation processes and the
data of m evaluation indices, a matrix X = (Xii)nxm is constructed, and the data
is processed to standardize and eliminate the influence of the dimension and order
of magnitude. The low optimal indices are standardized according to Equation
(11) to ensure consistent direction of the evaluation index, and the other indices are
standardized using Equation (10).

X11 X712 ... X1im
X21 X2 ot X

X = . 9
Xn1  Xn2 Xnm

n
zij = Xij/4 | Z; xizj (10)
i=

zij= x5/ | L x (11)
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(2) The ratio of each index in each scheme is calculated. The matrix Z is obtained after
the previous standardization process, and the proportion of the i-th sample under
the j-th index is then calculated using Equation (13). The result is regarded as the
probability used in the calculation for the relative entropy:

211 212t ZIm
221 222 "t Zom

Z=1 . . . ) (12)
Zpnl  Zn2  cc Znm

pij = zij/ || Y Zij (13)
i=1

(3) Based on the definition of information entropy, the entropy of the j-th index is cal-
culated according to Equation (14). Then, the information utility value is calculated
according to Equation (15) and normalized to obtain the entropy weight of each index
according to Equation (16).

1 & .
e = —@; pijln(pij)(j=1,2,--- ,m) (14)
m
wy= /L =12 a6
=

The AHP method and EWM are used to give CW to the evaluation indices, and the
weight calculation formula is as follows:

m
Wi = Wsj - Wej/ Y (Wy; - Wef) (17)
=1

2.4. Statistical Analysis

The experiment data were analyzed using a one-way ANOVA using the SPSS soft-
ware package (Version 20.0, Stanford University, Stanford, CA, USA). Duncan’s multiple
comparison method was used to compare the significant differences between the means at
a significance level of p < 0.05. EXCEL 2010 (Microsoft 365) and MATLAB R2017b (Math-
Works, Natick, MA, USA) were used to make tables and solve each model, respectively.

3. Results
3.1. Selection of Evaluation Indicators

The relevant data of water consumption, yield, and quality indices of the indigowoad
root under mulched drip irrigation were selected (Table 4) to comprehensively evaluate the
water-saving and quality-adjusted irrigation scheme of the indigowoad root [38]. Table 4
shows the effects of different water treatments on the indigowoad root yield, WUE, water
consumption, indigo, and (R,S)-goitrin in 2016 and 2017.

Differences in water consumption, yield, WUE, and quality could be seen between
various moisture treatments in different years. The control FI consumed the most water
at 374.04 and 381.75 mm in 2016 and 2017, respectively. The water consumption of each
WD treatment (V1GO to V3G2) decreased compared with the FI with significant differences
(p < 0.05), and it decreased by 4.11-15.71% as WD increased in the following order: mild
WD treatment (V1G1 and V1G2) > moderate WD treatment (V2G1 and V2G2) > severe WD
treatment (V3G0, V3Gl1, and V3G2). However, the water consumption of V2G0 treatment
was higher than that of V1GO0 treatment in two consecutive growing seasons. The reason
for this result may be because, on the one hand, rewatering after moderate WD in the
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early growth stage has certain compensatory or supercompensatory effect on crop growth,
so the crop water consumption of the corresponding rewatering stage will increase [39],
and on the other hand, the irrigation amount is calculated based on the 60 cm soil layer
in the root cluster as the planned wet layer, which may be neglected due to the upward
recharge and consumption of deep soil water. Moreover, field experiments are affected by
a variety of complex factors, and the accuracy of the sampling process is relatively difficult
to ensure [1].

Table 4. Experimental results of the indicators for a comprehensive evaluation system.

Year Treatment Yield Water Use Efficiency Water Consumption Indigo (R,S)-Goitrin
Number (kg-ha~2) (kg-ha—2-mm~1) (mm) (mg-kg~1) (mg-g~1)
V1G0 8239.56 a 2401a 343.28 be 6.153 ¢ 0.230 ¢
V2G0 7219.67 b 20.45d 353.05b 6.093d 0.231 be
V3G0 6894.60 d 20.52d 33592 ¢ 5.737 e 0.216d
V1G1 8215.52 a 2411a 340.85c¢ 6.463 b 0.251 a
V1G2 7164.91 bc 20.70 cd 346.06 bc 6.67 a 0.253 a
V2G1 7083.69 ¢ 2093 c 338.38 c 6.443 b 024Db
2016 V2G2 6965.85 d 20.57d 338.56 ¢ 641b 0.239 bc
V3Gl1 531157 e 16.81e 316.03d 5733 e 0.208 de
V3G2 5228.54 e 16.58 e 315.27d 5713 e 0.205e
FI 8315.58 a 22.23b 374.04 a 6.117 cd 0.237 be
Mean 7063.949 20.691 340.144 6.153 0.231
SD 1094.808 2.520 16.946 0.343 0.017
CV (%) 15.50 12.18 4.98 5.58 7.21
V1G0 8390.80 a 23.62a 355.25 c¢d 6.139d 0.234 cd
V2G0 7462.24b 20.39 ¢ 366.06 b 6.109d 0.232d
V3G0 6800.36 e 19.79d 343.62 f 5722 e 0.212e
V1G1 823532 a 23.27 a 353.93 cde 6.458 b 0.252b
V1G2 7051.11 ¢ 19.72d 357.65 ¢ 6.733 a 0.258 a
V2G1 6981.71 cd 20.02 cd 348.66 def 6.415 bc 0.249b
2017 V2G2 6819.79 de 19.63 d 347.35 ef 6.344 c 0.238 cd
V3G1 5686.71 f 17.28 e 329.02 g 5741 e 021e
V3G2 5539.79 { 16.90 e 32778 g 5.715e 0.208 e
FI 8322.25a 21.80b 381.75a 6.121d 0.239 ¢
Mean 7129.008 20.242 351.107 6.150 0.233
SD 1010.398 2.208 16.120 0.347 0.018
CV (%) 14.17 10.91 4.59 5.65 7.70

Note: Within each column, different letters behind the values mean significant differences at p < 0.05 according to the Duncan test; SD:
standard deviation; CV: coefficient of variation.

The economic yield of the V1GO0 treatment was the highest at 8329.56 and 8390.80 kg-ha—2
in 2016 and 2017, respectively, followed by V1G1, which was not significantly different
from the control FI (p > 0.05). Compared with the FI, the output of the remaining WD
treatments decreased by varying degrees, with declines ranging from 13.17% to 37.12%
and 10.33% to 33.43%. The severe WD treatment (V3G1 and V3G2) decreased by more than
30%, which was the most significant decline. The WUE was the highest in the treatment of
V1G0 and V1G1 for two consecutive years, which was significantly increased by 8.01% and
8.46% and 8.35% and 6.74% for 2016 and 2017, respectively, compared to the FI, and the
remaining WD treatments were significantly reduced. Without considering the stage WD
conditions, in the FI, V1G1, and V1G2 treatments, the content of indigo and (R,S)-goitrin in
two consecutive growing seasons of the indigowoad root increased with decreasing water
consumption. In addition, the quality index value of the V1G2 treatment was the largest,
and the control FI was the smallest. The content of the active ingredients in V2G1 and
V2G2 both increased significantly compared to CK and were also significantly different
from the remaining treatments. Thus, it can be seen that the response law and degree of
each evaluation index to the WDI were inconsistent. Additionally, any single index could
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not reasonably determine the irrigation scheme with high quality, high yield, and high
efficiency. Hence, a comprehensive evaluation model was required.

The selection principle for the optimal WDI scheme for indigowoad root with mulched
drip irrigation was to reduce the amount of irrigation water and improve the water pro-
ductivity and herb quality with no or a small decrease in yield. In this study, the important
active ingredients (indigo and (R,5S)-goitrin) of indigowoad root were chosen as indica-
tors of herbal quality, the yield and WUE of indigowoad root were chosen as the yield
indicators, and water consumption during the entire growth period was chosen as the
water consumption indicator. By comprehensively considering the above five indices, a
statistical method was used to make a reasonable evaluation of the irrigation scheme with
high quality, high yield, and high efficiency of indigowoad root using a plastic mulched
drip irrigation scheme.

3.2. Determination of the Weight of Indices in the Evaluation System
3.2.1. The Analytic Hierarchy Process

The AHP is a subjective empowering method that combines quantitative and qualita-
tive analyses to determine the weighting of index based on knowledge and experience of
the decision-maker in determining the importance of each index to the goal. As such, it is
subjective. The primary steps of AHP for calculating the subjective weights are as follows:

(1) Establishment of a hierarchy of steps

Because this method was primarily used in this study to determine the weight coeffi-
cient of each evaluation index, the hierarchical structure of the system only involved the
target and index layers and not the scheme layer (Figure 1). The upper layer was the target
layer O, which was the evaluation of the WDI scheme for the indigowoad root with the
plastic mulched drip irrigation. The lower layer was the index layer C, which included five
indices: yield (C1), WUE (C2), water consumption (C3), indigo (C4), and (R,S)-goitrin (C5).

Evaluation of WDI Scheme for Isatis
Root under Mulched Drip Irrigation

A4
Yield Water use Water Indigo (R,S)-goitrin
(1) efficiency consumption (C4) (C5)
(C2) (C3)

Figure 1. Hierarchical structure diagram.

(2) Construction of a judgment matrix

The indices in the index layer do not necessarily have the same proportion in the
target measurement. They each occupy a certain proportion. The numbers 1 to 9 and their
reciprocal were used as the scale (Table 2) to define the judgment matrix (Table 5) [40]. A
one-time determination of the relationship between the criteria layer of each index was
often not well considered, so it was necessary to compare two evaluation indices and
construct a pairwise comparison matrix, namely the judgment matrix O — C = (a;;) to
calculate the weight.

nxn’
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Table 5. Judgment matrix O — C.
(o) Cc1 C2 C3 C4 C5
C1 1 1/2 4 3 3
C2 2 1 6 4 4
C3 1/4 1/6 1 3/4 3/4
Cc4 1/3 1/4 4/3 1 1
C5 1/3 1/4 4/3 1 1

(3) Calculation of the subjective weights from the judgment matrix (ws;)

In order to ensure the robustness of the results, this study used the arithmetic average
method, the geometric average method, and the eigenvector method to obtain the weights.

The calculation results using MATLAB software are shown in Table 6 and the CR =
0.0044 < 0.10. Hence, the judgment matrices O — C had good consistency. The weighted
coefficient results calculated by the arithmetic average method, geometric average method,
and eigenvector method were basically the same. Finally, the eigenvector wg; = [0.2784
0.4477 0.0733 0.1002 0.1002] was selected as the subjective weight coefficient of each evalua-
tion index.

Table 6. The weight coefficients of the judgment matrix O — C.

Method C1 Cc2 C3 C4 C5 Amax CI CR

Average method 0.2788 0.4463 0.0736 0.1006 0.1006
Geometric means method 0.2783 0.4468 0.0737 0.1006 0.1006 5.0177 0.0044 0.0039
Eigenvector method 0.2784 0.4477 0.0733 0.1002 0.1002

3.2.2. Entropy Weight Method

The EWM is an objective weighting method that can avoid human interference. Ac-
cording to the principles of information theory, entropy reflects the disorder degree of
information. The smaller the entropy value, the smaller the degree of disorder in the
system, and the greater the utilization value, the greater the weight.

Based on the data in Table 4, the evaluation matrix X was formed, and the objective
weights of the evaluation indices were calculated using Equations (10)-(16). The calcu-
lation results were as follows: 2016, w,; = [0.4900 0.2974 0.0482 0.0614 0.1031] and 2017,
wej =[0.4684 0.2374 0.0482 0.0731 0.1369].

3.2.3. Combination Weights

The subjective weight calculated using the AHP and the objective weight calculated
using the EWM were combined according to Equation (17) to obtain the CWs of each index,
as shown in Table 7.

Table 7. The weight of each indicator in the evaluation system.

L . Objective Weight Combination Weight
Indicator Subjective Weight
2016 2017 2016 2017
Yield 0.2784 0.4900 0.4684 0.4711 0.4702
Water use efficiency 0.4477 0.2974 0.2734 0.4598 0.4412
Water consumption 0.0733 0.0482 0.0482 0.0122 0.0127
Indigo 0.1002 0.0614 0.0731 0.0212 0.0264
(R,S)-goitrin 0.1002 0.1031 0.1369 0.0357 0.0495

3.3. Integrated Evaluation Model Based on the Improved TOPSIS Method

The comprehensive evaluation model of the WDI scheme for the indigowoad root was
established according to the improved TOPSIS method. The calculation is shown below.
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For the specific method of this study, there were 10 evaluation treatments and 5 evalua-
tion indices. By referring to step (1) for EWM in Section 2.3.5, the data matrix X = (Xij) 10x5
of the original evaluation index was first normalized and then standardized. The stan-

dardized weighting matrix Z = (Z,y) 0ns and the best and worst vector results of the
X

maximum and minimum values of each column were obtained after the assignment using
Equation (18), as shown in Table 8.

Z11 Z12 v Zim

~ 221 Z22  cc Z2m

Zi]' = w] X Zij = . . . : (18)
Enl Zn2 e an

Table 8. The weighted matrix of each standardized evaluation indicator.

Year Treatment Number Yield Water Use Efficiency = Water Consumption Indigo (R,S)-Goitrin
V1GO 0.171915 0.16761 0.00381 0.006705 0.011207
V2G0 0.150635 0.142758 0.003704 0.00664 0.011256
V3GO0 0.143853 0.143247 0.003893 0.006252 0.010525
VIGI 0.171413 0.168308 0.003837 0.007043 0.012231
VIG2 0.149493 0.144504 0.003779 0.007268 0.012328
V2G1 0.147798 0.146109 0.003865 0.007021 0.011695
2016 V2G2 0.145339 0.14359 0.003863 0.006985 0.011646
V3Gl 0.110824 0.117348 0.004138 0.006247 0.010135
V3G2 0.109091 0.115742 0.004148 0.006226 0.009989
FI 0.173501 0.155184 0.003497 0.006666 0.011548
Optimal vector 0.173501 0.155184 0.003497 0.006666 0.011548
Worst vector 0.109091 0.115742 0.004148 0.006226 0.009989
VIGO0 0.173432 0.161947 0.003972 0.008324 0.015653
V2G0 0.154239 0.139801 0.003855 0.008284 0.01552
V3GO0 0.140558 0.135687 0.004107 0.007759 0.014182
VIGI 0.170218 0.159548 0.003987 0.008757 0.016857
VIG2 0.145741 0.135208 0.003946 0.00913 0.017259
V2G1 0.144307 0.137264 0.004047 0.008699 0.016657
2017 V2G2 0.14096 0.13459 0.004063 0.008602 0.015921
V3Gl 0.11754 0.118478 0.004289 0.007785 0.014048
V3G2 0.114503 0.115873 0.004305 0.00775 0.013914
FI 0.172015 0.149469 0.003697 0.0083 0.015988
Optimal vector 0.173432 0.161947 0.003972 0.008324 0.015653
Worst vector 0.114503 0.115873 0.004305 0.00775 0.013914

The maximum value of each column was the optimal vector:
7+ — (Z;_,Z;_, . ,ZT‘L‘)

= (max{z11,221, L, Zn1}, max{Z12,22, L, Zu2}, L, max{Zym, Zom, L, Zum } )

The minimum value of each column was the worst vector:
7" = (ZI_,ZZ_,--- L)

= (min{z11,221, L, Zy1 }, min{Z12, 222, L, Zu2 }, L, min{Z1,n, Zom, L, Zum } )
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The distances between the i(i = 1,2, - - - , n) evaluation object and the maximum and
minimum values were calculated using Equations (19) and (20), respectively. The calcula-
tion results are shown in Table 9.

pf = | L2 -2 (19)
j=1

Dy = | L (Z %) (20)
j=1

Table 9. Sequencing and calculation of the progress of each test process.

2016 2017
Treatment Number - -
D* D~ S; S; Ranking D* D~ S; S; Ranking

V1G0 0.0022 0.0815 0.9741 0.1710 2 0.0018 0.0748 0.9762 0.1846 1
V2G0 0.0343 0.0496 0.5910 0.1037 6 0.0294 0.0464 0.6124 0.1158 4
V3G0 0.0389 0.0443 0.5328 0.0935 8 0.0422 0.0327 0.4368 0.0826 7
V1G1 0.0021 0.0816 0.9746 0.1711 1 0.0041 0.0709 0.9458 0.1789 2
V1G2 0.0338 0.0497 0.5949 0.1044 4 0.0385 0.0369 0.4895 0.0926 6
V2G1 0.0340 0.0492 0.5917 0.1039 5 0.0382 0.0368 0.4908 0.0928 5
V2G2 0.0375 0.0458 0.5497 0.0965 7 0.0425 0.0325 0.4333 0.0820 8
V3Gl 0.0808 0.0025 0.0294 0.0052 9 0.0709 0.0040 0.0540 0.0102 9
V3G2 0.0832 0.0007 0.0078 0.0014 10 0.0749 0.0006 0.0081 0.0015 10

FI 0.0132 0.0755 0.8515 0.1494 3 0.0127 0.0666 0.8403 0.1589 3

The closeness (comprehensive evaluation value) of the i(i = 1,2, - - ,n) evaluation
object to the optimal scheme was calculated using Equation (21):

Si=D; /(D" +D;) (21)
Si = Si/i Si (22)
i=1

3.4. Analysis of the Evaluation Results

The greater the comprehensive evaluation value S;, the better the comprehensive
benefit of the treatment. The normalized score S; of the comprehensive evaluation value
was calculated according to Equation (21). Then, the different water treatments were sorted
based on the size of the calculated values. The specific calculated values and ranking
results for each treatment are shown in Table 9. The ranking of composite evaluation
values was as follows: 2016: V1G1 > V1GO0 > FI > V1G2 > V2G1 > V2G0 > V2G2 > V3G0
> V3Gl > V3G2; 2017: V1GO0 > V1G1 > FI > V2G0 > V2G1 > V1G2 > V3G0 > V2G2 >
V3G1 > V3G2. It can be seen that the decisions of the comprehensive evaluation system
for the two growing seasons were different; however, mild water deficit treatments were
ranked first and higher than adequate water supply treatments (CK). The best WDI scheme
in 2016 was V1Gl, followed by V1G0, with S; values of 0.9746 and 0.9741, respectively.
In 2017, V1GO was the best WDI scheme, followed by V1G1, with S; values of 0.9762
and 0.9458, respectively. The worst treatment in the two years was V3G2, with values
of 0.0078 and 0.0081, respectively. Without considering the effects of the WD stage, the
comprehensive benefits of indigowoad root with plastic mulched drip irrigation tended
to decrease with an increase in the water consumption. However, under the WD stage,
the comprehensive benefits of mild or continuous mild WD during the vegetative growth
period of indigowoad root was better. Considering the comprehensive measured results,
the treatment of V1G1 achieved an organic unity of high quality, high yield, and high
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efficiency, which can be used as the best irrigation strategy for indigowoad root with plastic
mulched drip irrigation in the northwest arid region.

4. Discussion
4.1. CW of Evaluation Indicators

Weight refers to the degree of importance of a specific indicator in an indicator system.
It is a numerical value used to measure the effect of each unit’s mark value in the overall
population, which directly affects the final evaluation result [13]. Currently, there are many
methods for determining attribute weights. This study first used the AHP and EWM to
obtain the subjective and objective weights of the evaluation index, respectively, and then
obtained the CW. By considering the preference of the decision-maker for the attributes,
this method also aimed to reduce the subjective arbitrariness of empowerment so that the
empowerment of the attributes achieved the unity of the subjective and objective and the
decision-making results would be true and reliable. Wei [41] applied the above method to
weight the relevant evaluation index of the regulated deficit irrigation (RDI) of watermelon
and obtained a good evaluation effect. It can be seen that the subjective and objective
comprehensive weight determination method has certain advantages in a comprehensive
evaluation model, but it does have the limitation that the weight distribution of the
two methods is difficult to determine. In addition, the mathematical derivation is too
cumbersome, and the applicability and operability are relatively weak. Additionally, due
to the difference in the geographical environment and the research object, the weight
assignment becomes difficult. Therefore, in future research and applications, it will be
necessary to combine computer programming technology to obtain a comprehensive
weight considering the characteristics of crops and the environmental factors in cultivated
areas. Moreover, a relatively objective evaluation of the indicators at all levels will need to
be performed so as to further improve the rationality and reliability of the evaluation results.

4.2. Comprehensive Evaluation Results of WDI Scheme

A comprehensive evaluation is the comprehensive consideration of various factors or
multiple indicators that affect the object or thing of study so that a reasonable evaluation can
be made [42]. In this study, the comprehensive evaluation model of improved TOPSIS was
applied to evaluate the growth, yield, quality, and stage water consumption of indigowoad
root under the RDI in Minle County. According to the evaluation results of the indicators,
the V1Gl1 treatment achieved an organic unity of high quality, high yield, and high efficiency,
which was in good agreement with the measured results. Therefore, this model not
only achieved a certain degree of optimized screening of RDI schemes but also provided
possibility for a reasonable choice of RDI models for medical crops.

5. Conclusions

(1)  With the help of AHP and EWM, the CW of each evaluation index was finally deter-
mined, which stably reflected the degree of influence of each evaluation index on the
comprehensive evaluation system of the WDI scheme for indigowoad root. Among
the CWs obtained from the experimental data for two consecutive years, the largest
weight of the indigowoad root yield was 0.4711 (2016) and 0.4702 (2017).

(2) The comprehensive evaluation value was calculated by constructing the TOPSIS
comprehensive evaluation model, and the value was used to rank the different WDI
schemes. The results showed that V1G1 was the best water control treatment in 2016,
followed by V1G0, with values of 0.9746 and 0.9741, respectively. Additionally, V1G0
was the best water control treatment in 2017, followed by V1G1, with values of 0.9762
and 0.9458, respectively. The V3G2 treatment was the worst for the two years, with
values of 0.0078 and 0.0081.

A comprehensive analysis of the measured and evaluation results of the continuous
two-year trial showed that the V1G1 treatment saved irrigation and improved water
utilization without significantly reducing the yield. It also improved the quality of the
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herb to some extent, thereby increasing the commercial value of the indigowoad root and
bringing more economic benefits to producers.
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