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Abstract: To develop an optimal irrigation and fertilization system for Korla fragrant pear in the
Xinjiang region, the effects of water and fertilizer coupling on the quality, yield, irrigation water
use efficiency (IWUE), fertilizer partial productivity (PFP), and net profits of Korla fragrant pear
under the condition of limited water drip irrigation were studied through field experiments by
combining multiple regression analysis and spatial analysis. A comprehensive quality evaluation
model of fragrant pear was constructed using the principal component analysis, and 12 quality
indices were evaluated comprehensively. The experiment adopted a two-factor crossover design
with three irrigation levels (W1: 5250 m3 ha−1, W2: 6750 m3 ha−1, W3: 8250 m3 ha−1), accounting
for 60%, 80% and 100% of the ETe (where ETe denotes evapotranspiration under sufficient water
supply for crops); four fertilizer application levels (F1: 675 kg ha−1, F2: 750 kg ha−1, F3: 825 kg ha−1,
F4: 900 kg ha−1), designated F80%, F90%, F100%, and F110%, respectively; and 12 treatments. The
results showed that the overall quality of fragrant pear was improved based on the integrated quality
of pear. Four principal components were extracted through the fragrant pear comprehensive quality
evaluation model, and their cumulative contribution was 89.977%; the best comprehensive quality
was obtained in the W3F2 treatment and the worst comprehensive quality in the W1F1 treatment. The
spatial analysis showed that when the irrigation range is 7484–8250 m3 ha−1 and the N-P2O5-K2O
fertilization range is (181-223-300)–(200-246-332) kg ha−1, the comprehensive quality, yield, IWUE,
PFP, and net profits of fragrant pear can reach > 85% of the maximum value. These results provide a
scientific basis for water and fertilizer management of fragrant pear orchard with drip irrigation in
Korla, Xinjiang.

Keywords: drip irrigation; water and fertilizer use efficiency; multiple regression analysis; spa-
tial analysis

1. Introduction

The fruit industry is one of the key industries in Xinjiang [1]. The Xinjiang Korla
fragrant pear is a kind of specialty fruit of the region; it is a national geographical standard
product of China and is known as “the prince of fruits” because of its thin skin and fine
flesh, rich fragrance, and nutrition [2]. In 2021, the planting area of fragrant pears in Korla
City, Xinjiang, China, was nearly 3.1 × 103 ha, of which the resulting area was 2.51 × 103

ha, with a total output of 4.03 × 104 t, bringing more than 2.5 billion CNY (CNY = Chinese
yuan) in economic income to local pear farmers and related enterprises, and becoming a
pillar industry for the economic development of the region [3]. The Korla area in Xinjiang,
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China, has suitable soil, moisture, and climatic conditions for the growth of Korla fragrant
pear. At present, the irrigation method for Korla fragrant pear is mainly based on large
water irrigation systems, and the irrigation capacity is more than 12,000 m3 ha−1. Although
the water consumption far exceeds the requirement of total water consumption based on
the indication of “three red lines”, the IWUE is low, and there is severe waste of water
resources [4]. In the actual production, fruit farmers blindly pursue high yield of pear
fruits, and several fertilization processes are used to obtain a high yield. Consequently, the
fertilizer utilization efficiency is low, and the addition of a large number of fertilizers results
in excess content of nutrients through soil solidification. This makes it difficult for the
pear tree root system to absorb the nutrients, which directly affects the yield and quality of
fragrant pear. Moreover, the arbitrary application of fertilizers to enhance fruit growth has
resulted in an increase in nutrient poverty, fruits with rough skin, and fruits with irregularly
shaped tops, which greatly weaken the competitiveness of fragrant pear in the international
market. This has restricted the sustainable development of local agriculture [5,6].

Drip irrigation is one of the most important approaches of water-saving irrigation, and
by using a water–fertilizer integrated irrigation system, water-saving, yield increase, and
labor-saving can be achieved; moreover, this approach can reduce environmental and fruit
pollution and improve economic development of fruit farmers [7,8]. Previous studies have
shown that the coupling effect of water and fertilizer can significantly improve the yield of
fragrant pear; when 32% of water is saved, increasing the application of fertilizers is not
beneficial to increase yield [9]. Compared to the traditional model, the average yield and
PFP of honeydew increased with 30% weight loss during the fertilizer chasing period [10].
Li et al. [11] found that the use of drip irrigation for fertilization not only improves single
fruit weight, soluble solids, and vitamin C of pears, but also saves irrigation water, which
is only 30% of traditional irrigation. Liu et al. [12] showed that increasing the lower limit
of irrigation and increasing the amount of nitrogen applied increased the weight per fruit
and reduced the titratable acid content of pears. Zhou et al. [13] showed that increasing
fertilizer application was beneficial to increase the content of vitamin C, soluble solids, and
soluble sugars, while increasing irrigation water decreased the titratable acid content and
increased the sugar-to-acid ratio. The effect of irrigation and fertilizer application on IWUE
and PFP was reported to be significant. Chen et al. showed that cotton producers would
benefit from using deficit irrigation in terms of improving IWUE. PFP was decreased with
nitrogen application and was relatively less affected by irrigation water [14]. In the crop
water–fertilizer coupling system, the natural resource, economic, and ecological subsystems
are interrelated. Among these subsystems, IWUE is a key index to measure the degree of
irrigation water use in the irrigation area from the introduction of water to its actual use
in the field [15], while PFP is an important index of the comprehensive effect of fertilizer
application and reflects the nutrient level of the local soil base [16]. The economic benefits of
fragrant pear orchard are also closely related to the personal interests of fruit farmers. The
same water–fertilizer coupling benefits are obtained in terms of economic efficiency, with
appropriate water and fertilizer inputs to obtain maximum net profits [17]. The evaluation
of any crop production system should be based on a comprehensive analysis of indicators
such as yield, quality, water and fertilizer use efficiency, and economic efficiency. Although
several studies on these aspects have been conducted, as mentioned above, there are few
studies that have investigated the effect of integration of the two main factors, namely
water and fertilizer, on fragrant pear quality, yield, water and fertilizer use efficiency, and
net profits [18].

In terms of optimal water fertilization solution, many scholars have used multiple
regression analysis to derive the optimal water fertilization approach by using a set of
equations with water fertilization as the independent variable and the single-factor index
as the dependent variable. Among these scholars, Chen et al. [19] used a binary regression
analysis with yield as the dependent variable to derive the optimal water and fertilizer
treatment by solving the extreme value of the equation. Wang et al. [20] used principal
component analysis to comprehensively evaluate the quality of tomatoes and derived
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the optimal water and fertilizer combination with a higher yield and water use efficiency,
without significantly reducing the quality and net profit of tomatoes by simple comparison
between treatments. Cao et al. [21] studied the optimal water and fertilizer treatment by
computer modeling and considered index factors such as grape yield, IWUE, and PFP. The
limitation of these methods is that when there are many evaluation indicators, the extreme
values are often difficult to solve due to the mutual inhibition between the indicators [22].
However, the application of spatial analysis to evaluate individual indicators can solve this
problem [23]. In the present study, we constructed a comprehensive quality evaluation
model of fragrant pear based on principal component analysis and used multiple regression
analysis and spatial analysis to conduct a multi-objective analysis on fragrant pear quality,
yield, water and fertilizer utilization efficiency, and net profits. The overall the aim of the
study was to determine a high-quality, high-efficiency, and high-yield ideal water and
fertilizer management system and to provide a scientific basis for the determination of an
optimum irrigation and fertilization system for fragrant pear in the Korla region.

2. Materials and Methods
2.1. Overview of the Study Area

The study area is located in the 10th company of the 29th regiment of the 2nd division
of Xinjiang Production and Construction Corps (85◦88′87′′ N, 41◦79′50′′ E, altitude 909 m),
15 km from the city of Korla, with a typical temperate continental arid desert climate. The
region had an average annual rainfall of 364.305 mm, annual evaporation of 2788.2 mm,
and total sunshine of 2990 h in 2020–2021. The frost-free period is 210 days, the wetness is
0.16, the average annual temperature is 15 ◦C, the extreme low temperature is −23 ◦C, the
average wind speed is 10.1 km h−1, and the buried depth of groundwater is approximately
3 m. Irrigation agriculture is the main method of crop production in this area. The main
physical properties of the 0–100 cm tillage soil layer in the experimental area are shown in
Table 1. The soil fertility of 0–100 cm in the test area is shown in Table 2. The soil moisture
detector ET100 was used to monitor soil moisture in real time (one sensor per 10 cm, a total
of 100 cm). A Tianqi intelligent ecological station was installed at the experiment station to
monitor the meteorological elements electronically, as shown in Figure 1.

Table 1. Main physical properties of the soil in the study area.

Soil Depth
(cm)

Soil
Texture

Particle Mass Fraction (%) Soil Salt
Content
(g kg−1)

Bulk
Density
(g cm−1)

Saturated
Water

Content (%)

Field Water
Holding

Capacity (%)

Wilting
Point (%)Sand Silt Clay

0–20 Sandy clay 55.48 36.34 8.18 8.16 1.38 34.49 22.31 6.95
20–40 Sandy clay 57.72 35.18 7.1 10.77 1.43 34.36 19.14 7.31
40–60 Sandy clay 53.82 37.7 8.48 10.38 1.50 36.32 20.04 7.41
60–80 Sandy clay 45.94 47.07 6.99 9.01 1.50 34.47 19.54 7.55

80–100 Sandy clay 49.15 40.17 10.68 7.62 1.39 33.14 18.28 7.85

Table 2. Fertility characteristics of 0–100 cm soil.

Organic
Matter

(g kg−1)

Total
Nitrogen
(g kg−1)

Total
Phosphorus

(%)

Alkaline
Hydrolyzed

Nitrogen
(mg kg−1)

Available
Phosphorus
(mg kg−1)

Available
Potassium
(mg kg−1)

15.0 0.6 0.139 181.6 22.2 200.9
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Figure 1. Meteorological elements of the test station.

2.2. Experimental Design

The experiment was a two-factor completely randomized trial with three irrigation
gradients: 5250 m3 ha−1 (W1), 6750 m3 ha−1 (W2), and 8250 m3 ha−1 (W3), according to
the basic requirements of “three red lines” of water resource management [24]. By referring
to Liu et al. [9], four fertilization gradients were set: 675 kg ha−1 (F1), 750 kg ha−1 (F2),
825 kg ha−1 (F3), and 900 kg ha−1 (F4). A total of 12 treatments were investigated. The
water–fertilizer combination of each gradient was repeated three times, with a total of
36 plots, as shown in Figure 2.
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The test fragrant pear variety was 5a fragrant pear (Pyrus bretschneideri Rehd) planted
in the north–south direction. The planting pattern was 4 m row spacing, with 1 m plant
spacing. The area of fragrant pear orchard was 0.82 ha, 170 m× 48 m (length×width), and
the planting density was 2.5 × 103 plants ha−1. The plot irrigation method used surface
drip irrigation, with two irrigation drip pipes for one row of fruit trees and a pressure
compensated drip head. The irrigation system consisted of a water outlet stake, a pressure
gauge, a water meter, a ball valve, a filter, a venturi fertilizer irrigation system, a capillary
pipe, and a drip head, and the working pressure was 1.5 MP. The materials of the irrigation
system were provided by Xinjiang Tianye Co., Ltd., Shihezi, China and are shown in
Figure 3.
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method, (C) fertilization irrigation system: (1) water source from water tanks, (2) ball valve, (3) brass
manometer, (4) water flowmeter, (5) fertilizer bucket, (6) filter.

Considering that the fragrant pear needs different water and fertilizer treatments in
different growth periods, together with the water requirements of Korla fragrant pear
and the irrigation practices followed by local farmers, irrigation was performed when the
soil moisture content dropped to 60% of the local soil field water holding capacity. The
approach of frequent and small amount of irrigation and fertilizer application was adopted,
with 11 times of irrigation and 5 times of fertilizer chasing during the entire reproductive
period (see Table 3). As shown in Figure 1, the rainfall on 14 July was 58.04 mm, which
was equivalent to the rainfall of the test area in previous years, and was included in the
irrigation amount on 16 July because of rainfall conversion. The test was conducted with a
water-soluble fertilizer 1 (N-P2O5-K2O: 5-10-35) and a water-soluble fertilizer 2 (potassium
sulfate type) (N-P2O5-K2O: 10-30-10) manufactured by Qifeng Menong Biotechnology Co.
Ltd., Shaanxi, China. Fertilizers 1 and 2 were mixed in a ratio of 2:5 to form a water-
soluble compound fertilizer (N-P2O5-K2O: 1:1.23:1.66). The fertilizer solution was applied
to each experimental plot through the venturi application irrigation system. All treatments
were applied with a base fertilizer near the shade-facing roots of fragrant pear trees at
the pre-bloom stage, with a mixture of sheep manure organic fertilizer (N: 2.01%, P2Q5:
0.50%, K2O: 1.32%, 3750 kg ha−1) and fungal fertilizer (effective number of live bacteria
≥ 1 × 1010 g−1, N + P2Q5 + K2O ≥ 15%, 900 kg ha−1) at a depth of 30 cm and a width of
25 cm.
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Table 3. Irrigation schedule of Pyrus bretschneideri Rehd in the experimental area.

Growth Period Irrigation Date Fertilization Date

Irrigation Amount
(m3 ha−1)

Fertilization Amount
(kg ha−1)

W1 W2 W3 F1 F2 F3 F4

Budding period
(26 March 2021–8 April 2021) 7 April 2021 / 477 614 750 / / / /

Florescence
(9 April 2021–21 April 2021) 21 April 2021 / 477 614 750 / / / /

Twig growth stage
(22 April 2021–14 May 2021) 10 May 2021 / 477 614 750 / / / /

Fruit setting period
(15 May 2021–8 July 2021)

26 May 2021 477 614 750 / / / /
14 June 2021 14 June 2021 477 614 750 112.5 125 137.5 150
30 June 2021 30 June 2021 477 614 750 112.5 125 137.5 150

Fruit swelling period
(9 July 2021–28 August 2021)

16 July 2021 16 July 2021 477 614 750 112.5 125 137.5 150
28 July 2021 28 July 2021 477 614 750 112.5 125 137.5 150

9 August 2021 9 August 2021 477 614 750 112.5 125 137.5 150
21 August 2021 21 August 2021 477 614 750 112.5 125 137.5 150

Mature period
(29 August 2021–

14 September 2021)
29 August 2021 / 477 614 750 / / / /

Total / / 5250 6750 8250 675 750 825 900

2.3. Testing Indices and Methods
2.3.1. Single Fruit Weight and Yield

In the ripening period of fragrant pear, three fragrant pear trees were randomly
selected from each treatment from the southeast to northwest in five directions. By using an
electronic balance, the weight of each fragrant pear single fruit was determined, accurate to
0.1 g. Each measurement was repeated three times, and the average value was taken. In
addition, three fragrant pear trees were randomly selected, and the quality of all fragrant
pear fruits on each tree was determined; the average value for a single treatment of single
yield was taken, and the yield of each treatment was calculated using Formula (1):

Y = n×M (1)

where Y is the yield of fragrant pear (kg), n is the number of fragrant pear in the plot
treatment, and M is the single yield (kg).

2.3.2. Fragrant Pear Quality

After measuring the yield, 15–20 fragrant pear samples were randomly selected
from each treatment after yield measurement to determine their soluble solids, vitamin
C, titratable acid, total soluble sugar content, peeled hardness, and stone cell content.
Soluble solids were determined by a hand-held saccharometer [25–27], vitamin C by the
2,6-dichlorophenol indophenol method [28], titratable acid by the acid–base indicator
method [29], total soluble sugar content by the anthrone sulfate colorimetric method [30],
peeled hardness and pulp hardness by the fruit hardness meter GY-1 [31], and fruit stone
cell content by the freezing method [32]. The sugar–acid ratio was determined as the ratio
of total sugars to titratable acids, while the solid–acid ratio was determined as the ratio of
soluble solids to titratable acids.

According to the national standard GB/T 9859-2005 of the People’s Republic of
China [33] and the group standard of Korla fragrant pear [34], the comprehensive analysis
resulted in the certification indexes and evaluation system listed in Table 4. Titratable acid,
stone cell content, and cross diameter of the nucleus are negative indicators, and soluble
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solids, vitamin C, total sugar, sugar–acid ratio, solid–acid ratio, fruit shape index, single
fruit weight, and stone cell are positive indicators.

Table 4. Quality certification indicators for Pyrus bretschneideri Rehd.

Quality Factors
Indicators

Grade A Grade A Grade A

Soluble sugar ≥12.5 ≥12.0 ≥11.0
Fruit shape index 1.0–1.1 1.1–1.2 >1.2, <1.0
Single fruit weigh 120–160 100–120 80–100

Pulp hardness 4.9–6.8 6.8–7.8 >7.8, <4.9
Stone cell ≤0.5 ≤0.6 ≤1.0

2.3.3. IWUE

IWUE was determined using Equation (2).

IWUE = Y/ET, (2)

where IWUE is irrigation water use efficiency (kg m−3), Y is fragrant pear yield (kg), and
ET is fragrant pear water consumption (m3 ha−1) [35,36].

The water consumption of fragrant pear was determined according to the water
balance equation [37], as shown in Equation (3).

ET = P0 + K + M− C− N − ∆W, (3)

where ET is the water consumption of fragrant pear (mm), P0 is the rainfall (mm), K is the
groundwater recharge (mm), M is the irrigation water (mm), C is the deep seepage (mm),
N is the surface runoff (mm), and ∆W is the water storage within the wetted layer of the
soil plan (mm). In this study, K, C, and N were neglected [38].

2.3.4. PFP

The PFP was determined using Equation (4) as follows:

PFP = Y/F, (4)

where PFP is fertilization use efficiency, Y is fragrant pear yield (kg), and F is fragrant pear
fertilizer application amount (kg ha−1) [39].

2.3.5. Net Profits

Net profit was determined according to Equation (5).

N = G−WC − FC − L, (5)

where N is the net profit (CNY ha−1), G is the economic income (CNY ha−1), WC is the water
and electricity cost during the entire fertility period, FC is the fertilizer cost (CNY ha−1),
and L is other costs such as field management fee, pesticide charges, and labor charges [40].

According to a previous study [40], the grade of the commercial fruit of Korla fragrant
pear was classified into A, B, and C. In 2021, the purchase guide price of Korla fragrant
pear is as follows: A grade fruit, 11 CNY ha−1; B grade fruit, 7.9 CNY ha−1; C grade fruit,
6 CNY ha−1. Economic income G is determined according to Equation (6).

G = 11a + 7.9b + 6c, (6)

where a, b, and c denote the mass of A, B, and C grade fruits per hectare (kg ha−1),
respectively.
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2.3.6. Principal Component Analysis

The scores of each principal component were calculated according to Equations (7)
and (8):

Fi = U1iX1 + U2iX2+, . . . ,+UpiXp (7)

Fg = W1F1 + W2F2+, . . . ,+WiFi (8)

where Fi is the score of the i-th principal component; U1i, U2i, . . . , Upi are the score
coefficients of the i-th principal component; Xp is the value after normalization; Fg is the
comprehensive score of the principal component; Wi is the weight of the i-th principal
component [41].

2.4. Data Processing

SPSS Statistics 26 statistical software (IBM, Armonk, NY, USA) was used for statistical
analysis. All test data were tested for normal distribution and homogeneity of variance.
Two-way analysis of variance and Duncan’s test (p = 0.05) were used for multiple compar-
isons between treatments, and Origin 2021 (OriginLab, Northampton, MA, USA) was used
for nonlinear surface fitting and graphing. The regression allowed the computation of a
binary quadratic function

(
Y = Ax2 + 2Bxy + Cy2 + Dx + Ey + H

)
. The values of A, B, C,

D, E, and H were calculated based on the measured data; convergence of the solution was
also assessed.

3. Results
3.1. The Effect of Water and Fertilizer Coupling on the Comprehensive Quality of Fragrant Pear

As shown in Table 5, the effects of the single-factor irrigation on each quality index of
fragrant pear were highly significant (p < 0.01) (i.e., the effect of the single-factor irrigation
on single fruit weight was significant (0.01 < p < 0.05)). The effects of the single-factor
fertilization on soluble solids, total sugar, single fruit weight, peeled hardness, and stone
cell content were highly significant (p < 0.01). The effects of water–fertilizer coupling
on soluble solids, vitamin C, titratable acid content, sugar–acid ratio, solid–acid ratio,
and stone cell content were highly significant (p < 0.01). The effects of the single-factor
fertilization on vitamin C and titratable acid content were significant (0.01 < p < 0.05). The
effect of water–fertilizer coupling on lithocytes was significant.

Table 5 also shows that the soluble solid content ranged from 11.86% (W1F1) to 13.65%
(W2F2), the vitamin C content ranged from 3.67 mg 100g−1 (W1F1) to 14.16 mg 100g−1 (W1F4),
the titratable acid content from 0.24% (W1F1) to 0.44% (W1F4), the total sugar content from
7.08% (W2F1) to 8.26% (W2F3), the sugar to acid ratio from 15.49 (W1F2) to 31.77 (W3F2), the
solid to acid ratio from 27.64 (W1F2) to 53.25 (W3F2), the number of fruit fingers from 1.09
(W3F4) to 1.20 (W1F3), the single fruit weight from 98.52 g (W1F1) to 123.59 g (W2F2), peeled
hardness from 9.98 kg cm−2 (W1F1) to 11.67 kg cm−2 (W2F3), pulped hardness from 5.98 kg
cm−2 (W1F1) to 8.00 kg cm−2 (W2F2), kernel transverse diameter from 24.35 mm (W2F2) to
31.14 mm (W3F4), and the amount of stone cells from 0.10% (W1F4) to 0.24% (W3F3).

According to Tables 4 and 5, soluble solids, vitamin C, titratable acid content, total sugar,
sugar–acid ratio, and solid–acid ratio reached the optimum values in W2F2 (13.65%), W3F4
(14.16 mg 100 g−1), W1F1 (0.24%), W2F3 (8.26%), W3F2 (31.77), and W3F2 (53.25) treatments,
respectively; however, no significant difference was observed with W3F2 treatment (p > 0.05).
Under W1 irrigation treatment, the levels of soluble solids, vitamin C, titratable acid content,
total sugars, and solid to acid ratio were the lowest, which indicated that the chemical quality of
fragrant pear would be seriously affected under insufficient irrigation, and therefore, sufficient
water was a prerequisite to ensure the chemical quality of fragrant pear. Fruit shape index, single
fruit weight, peeled hardness, pulped hardness, transverse diameter of the nucleus, and stone
cell content reached the optimum values in W1F3 (1.20), W2F2 (123.59 g), W2F3 (11.67 kg cm−2),
W1F1 (5.98 kg cm−2), W2F2 (24.35 mm), and W1F4 (0.10%) treatments, respectively. Under the
W2F2 treatment, single fruit weight and kernel cross diameter showed optimal values, but they
were not significantly different from the W2F2 treatment (p > 0.05).
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Table 5. Effects of different water and fertilizer treatments on the quality of fragrant pear.

Treatment Soluble Solids (%)
Vitamin C (mg 100

g−1)
Titratable
Acid (%)

Total Sugar
(%)

Ratio of Sugar to
Acid

Ratio of
Soluble Sugar to

Acid
Fruit Shape Index Single Fruit

Weight (g)
Peel Hardness

(kg cm−2)

Pulp
Hardness

(kg cm−2)

Transverse
Diameter of
Kernel (mm)

Stone Cell
(%)

W1F1 11.86 ± 0.26 g 3.67 ± 0.43 c 0.24 ± 0.06 e 7.08 ± 0.04 e 30.76 ± 7.29 ab 51.51 ± 12.33 ab 1.14 ± 0.07 abc 98.52 ± 19.45 c 9.98 ± 0.12 f 5.98 ± 0.06 e 27.36 ± 3.21 ab 0.21 ± 0.03 bcd
W1F2 12.90 ± 0.18 cde 4.15 ± 1.30c 0.47 ± 0.05 a 7.22 ± 0.06 de 15.49 ± 1.7 e 27.64 ± 2.59 e 1.18 ± 0.08 ab 109.07 ± 21.89 abc 10.68 ± 0.61 cdef 6.50 ± 0.25 cde 25.73 ± 1.97 b 0.28 ± 0.03 a
W1F3 12.67 ± 0.37 de 9.61 ± 1.22b 0.33 ± 0.06 cd 8.05 ± 0.41 ab 24.99 ± 5.3 abc 39.23 ± 7.51 cd 1.20 ± 0.11 a 106.35 ± 23.13 abc 10.35 ± 0.1 def 7.02 ± 0.21 bcd 27.22 ± 2.25 ab 0.11 ± 0.01 ef
W1F4 12.02 ± 0.13 fg 12.29 ± 2.30ab 0.44 ± 0.07 ab 7.62 ± 0.71 abcde 17.66 ± 3.71 de 27.66 ± 3.69 e 1.13 ± 0.07 abc 101.25 ± 29.06 bc 10.01 ± 0.32 f 6.15 ± 0.55 cde 29.39 ± 2.72 a 0.10 ± 0.03 f
W2F1 12.01 ± 0.14 fg 11.90 ± 1.75 ab 0.37 ± 0.03 bc 7.34 ± 0.19 cde 19.97 ± 2.2 cde 32.62 ± 2.6 de 1.17 ± 0.07 ab 112.62 ± 21.43 abc 10.25 ± 0.3 ef 7.12 ± 0.52 abc 25.32 ± 7.51 b 0.22 ± 0.02 bc
W2F2 13.65 ± 0.20 a 11.63 ± 0.63 ab 0.42 ± 0.04 ab 7.44 ± 0.17 bcde 17.84 ± 1.87 de 32.69 ± 2.78 de 1.18 ± 0.08 ab 123.59 ± 24.39 a 11.52 ± 0.21 ab 8.00 ± 0.83 a 24.35 ± 3.16 b 0.18 ± 0.02 cde
W2F3 13.47 ± 0.44 ab 11.68 ± 0.34 ab 0.37 ± 0.02 bc 8.26 ± 0.33 a 22.35 ± 1.29 cde 36.44 ± 1.51 cde 1.13 ± 0.06 bc 118.93 ± 24.32 ab 11.00 ± 0.24 abcd 7.01 ± 0.62 bcd 27.53 ± 4.48 ab 0.14 ± 0.01 efg
W2F4 12.66 ± 0.10 de 11.39 ± 1.88 ab 0.27 ± 0.02 de 8.05 ± 0.38 ab 29.90 ± 2.43 ab 47.02 ± 2.96 abc 1.16 ± 0.09 c 106.96 ± 19.18 abc 10.89 ± 0.37 bcde 6.52 ± 0.33 cde 26.22 ± 2.5 ab 0.16 ± 0.02 def
W3F1 13.02 ± 0.10 bcd 14.16 ± 1.03 a 0.31 ± 0.02 cde 7.86 ± 0.07 abcd 25.43 ± 1.51 abc 42.12 ± 2.57 bcd 1.13 ± 0.08 bc 107.36 ± 13.39 abc 10.45 ± 0.24 cdef 7.00 ± 0.02 bcd 25.68 ± 4.52 b 0.19 ± 0.03 bcd
W3F2 13.27 ± 0.26 abc 11.95 ± 2.38ab 0.25 ± 0.02 de 7.91 ± 0.19 abc 31.77 ± 2.83 a 53.25 ± 3.77 a 1.17 ± 0.06 ab 121.00 ± 24.62 a 11.67 ± 0.74 a 7.80 ± 0.39 ab 25.47 ± 5.01 b 0.21 ± 0.02 bc
W3F3 13.01 ± 0.18 bcd 10.36 ± 0.64 b 0.32 ± 0.05 cde 8.01 ± 0.35 ab 25.53 ± 4.58 abc 41.35 ± 6.3 bcd 1.13 ± 0.07 bc 113.31 ± 31.69 abc 11.12 ± 0.22 abc 6.98 ± 0.82 bcd 27.52 ± 4.47 ab 0.24 ± 0.02 ab
W3F4 12.48 ± 0.35 ef 9.98 ± 1.80 b 0.33 ± 0.03 cd 8.01 ± 0.34 ab 24.44 ± 2.39 bcd 38.15 ± 4.59 cde 1.09 ± 0.06 c 105.6 ± 14.99 abc 11.00 ± 0.18 abcd 6.12 ± 0.31 de 31.14 ± 3.31 a 0.21 ± 0.02 bcd

Double factor variance analysis

W 21.900 ** 32.422 ** 8.557 ** 5.927 ** 6.228 ** 6.785 ** 5.639 ** 2.495 * 17.561 ** 7.864 ** 4.077 ** 9.155 **
F 33.806 ** 2.968 * 4.752 * 8.603 ** 1.721 1.357 2.665 5.897 ** 13.933 ** 9.426 ** 1.698 15.254 **

W × F 5.695 ** 13.260 ** 11.698 ** 1.376 9.631 ** 11.071 ** 2.357 1.156 0.556 2.135 1.349 11.938 **

Note: The values are expressed as mean ± standard deviation. Different letters following the values denote a significant difference at p < 0.05 according to Duncan’s test—two treatments
with the same letter (a, b, c, etc.) indicate insignificant differences, * denotes a significant difference at the 0.05 level, ** denotes a significant difference at the 0.01 level. p denotes
significance level, W denotes irrigation, F denotes fertilization.
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3.2. A Comprehensive Evaluation Model of Fragrant Pear Quality

Because a single index cannot fully reflect the quality of fragrant pear, different fragrant
pear quality indices in different water and fertilizer treatments were analyzed to determine
the optimal value. Therefore, SPSS software with principal component analysis (PCA) was
used to comprehensively evaluate the chemical and physical quality of fragrant pear [42]. In
the present study, six fragrant pear chemical quality indices and six fragrant pear physical
quality indexes were selected. Thus, the following 12 variables were evaluated: soluble
solids (X1), vitamin C (X2), titratable acid content (X3), stone cell content (X4), sugar–acid
ratio (X5), solid–acid ratio (X6), fruit shape index (X7), single fruit weight (X8), peeled
hardness (X9), pulped hardness (X10), core diameter (X11), and stone cell content (X12).
The principal component factor loadings and variance contribution rates are shown in
Table 6.

Table 6. Factor loadings and variance contribution rates of the principal components.

Indicator Variables

Factor Loading

Principal Components

1 2 3 4

Soluble sugar (X1) 0.885 0.003 0.143 0.219
Vitamin C (X2) 0.458 0.159 0.657 −0.288

Soluble solids (X3) 0.058 −0.950 0.269 0.090
Total sugar (X4) 0.311 0.510 0.695 0.009

Fruit shape index (X5) 0.396 −0.355 −0.471 −0.579
Peel hardness (X6) 0.830 0.216 0.058 0.412
Pulp hardness (X7) 0.945 −0.047 −0.079 −0.193

Ratio of sugar to acid (X8) −0.020 0.966 −0.230 −0.103
Ratio of soluble sugar to acid (X9) 0.074 0.923 −0.357 −0.071

Fruit weight (X10) 0.951 −0.093 0.033 0.134
Transverse diameter of kernel (X11) −0.644 0.189 0.575 0.328

Stone cell (X12) 0.132 −0.092 −0.641 0.665

Characteristic value 4.171 3.199 2.161 1.266
Variance contribution rates/% 34.760 26.656 18.010 10.551

Contribution rates/% 34.760 61.416 79.426 89.977

With the principle of eigenvalues greater than 1, four principal components were
extracted, and their cumulative contribution reached 89.977%; that is, the four principal
components reflected 89.977% of the total information, which shows that the problem is
reliable using PCA. The first principal component contributed to 34.760% of the total vari-
ance and is mainly determined by four indicators of single fruit weight, pulped hardness,
soluble solids, and peeled hardness. The second principal component explained 26.656% of
the total variance and is mainly influenced by titratable acid content, sugar–acid ratio, and
solid–acid ratio. The third principal component covered 18.010% of the total variance and
represents indicators of vitamin C, total sugar, and stone cell content. The fourth principal
component covered 10.551% of the total variance, and its size was mainly determined by
stone cell content, fruit shape index, and peeled hardness.

The scores of each principal component were calculated according to Equations (7)
and (8) and ranked according to the comprehensive score of each treatment, as shown
in Table 7. Among the treatments, W3F2 treatment showed the best quality of fragrant
pear, while W1F1 treatment showed the worst comprehensive quality of fragrant pear. The
comprehensive quality of fragrant pear in descending order was W3, W2, and W1, which
indicated that insufficient irrigation water leads to unfavorable quality of fragrant pear.
Under W1 irrigation treatment, the comprehensive quality of fragrant pear for different
fertilization treatments was in the descending order of F3, F2, F4, and F1; under W2
irrigation treatment, the comprehensive quality of fragrant pear for different fertilization
treatments was in the descending order of F3, F2, F4, and F1; and under W3 irrigation
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treatment, the comprehensive quality of fragrant pear for different fertilization treatments
was in the descending order of F2, F3, F1, and F4, which indicated that both high and low
fertilization rates were not favorable to improve the comprehensive quality of fragrant
pear.

Table 7. Principal component score and comprehensive evaluation of different water and fertilizer
treatments.

Treatment
Principal Component Overall

Score
Overall

Ranking1 2 3 4

W1F1 0.005 0.394 −0.385 0.225 0.238 12
W1F2 0.736 −0.069 −0.242 0.662 1.087 10
W1F3 0.963 0.368 0.465 −0.368 1.427 8
W1F4 0.381 0.156 0.578 −0.298 0.817 11
W2F1 0.764 0.038 0.252 0.113 1.167 9
W2F2 1.832 0.173 0.489 0.409 2.902 3
W2F3 1.510 0.518 0.840 0.292 3.160 2
W2F4 0.942 0.681 0.546 0.118 2.287 6
W3F1 0.999 0.520 0.688 0.239 2.446 5
W3F2 1.835 0.783 0.374 0.427 3.420 1
W3F3 1.295 0.530 0.387 0.597 2.809 4
W3F4 0.879 0.489 0.360 0.496 2.224 7

3.3. Effect of Water and Fertilizer Coupling on Fragrant Pear Yield

The effects of different water and fertilizer treatments on the yield of fragrant pear
are shown in Figure 4. As shown in the figure, there were significant differences (p < 0.05)
between all treatments, except for W3F2 and W3F3 treatments, W3F1 and W2F2 treatments,
and W3F4 and W2F2 treatments, W3F4 and W2F3 treatments, W2F1 and W2F4 treatments,
W1F2 and W1F4 treatments, W1F3 and W1F4 treatments, and there was no significant
difference (p > 0.05) between W1F1 and W1F3 treatments. Therefore, the different irrigation
and fertilizer treatments all had a significant (p < 0.05) effect on yield (except W3F2 and
W3F3, W3F1 and W2F2, W3F4 and W2F2, and W3F4 and W2F3, W2F1 and W2F4, W1F2
and W1F4, W1F3 and W1F4, W1F1 and W1F3).
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As seen in Figure 4, when the irrigation level was the same, under W1 irrigation
treatment, the fragrant pear yield for different fertilization treatments was in the descending
order of F2, F4, F3, and F1. Under W2 and W3 irrigation treatments, the fragrant pear
yield initially increased and then decreased with the increase in fertilizer application, in
the descending order of F2, F1, F3, and F4. When the fertilizer application level was kept
the same, the fragrant pear yield increased with the increase in irrigation water, in the
descending order of F1, F2, F3, and F4. The average yields of fragrant pear under W1, W2,
and W3 irrigation treatments were 11,100, 15,188, and 18,563 kg ha−1, respectively, and
the yields of W2 and W3 increased by 36.82% and 67.23%, respectively, compared to W1.
The average yields of fragrant pear under F1, F2, F3, and F4 fertilization treatments were
11,363, 12,375, 10,687, and 10,425 kg ha−1, respectively. Compared with F1, the yield of F2
increased by 5.94%, and the yield of F3 decreased by 8.25%. Among the different treatments,
the fragrant pear yield of W3F2 treatment was the highest, with a yield of 20,250 kg ha−1,
and that of W1F1 treatment was the lowest, with a yield of 10,200 kg ha−1. The yield
increase was 98.53% as compared to that under the condition of water and fertilizer deficit.
This indicates that water and fertilizer are closely related to fragrant pear yield, that the W3
irrigation treatment is more favorable for fragrant pear yield than W1 and W2 irrigation
treatments, and that the appropriate increase in irrigation under the condition of water
restriction is favorable for yield increase. The appropriate amount of fertilizers is favorable
to fragrant pear yield increase, as a fertilizer amount lower than F2 (750 kg ha−1) and
higher than F3 (825 kg ha−1) is not beneficial to fragrant pear yield increase.

3.4. Effect of Water–Fertilizer Coupling on IWUE, PFP, and Net Profits of Fragrant Pear Irrigation

Table 8 shows that irrigation, fertilizer application, and water–fertilizer coupling exert
highly significant effects on IWUE and PFP (p < 0.01). Table 8 also shows that the IWUE
value ranged from 1.94 to 2.56 kg m−3, with the maximum IWUE for the W2F2 treatment
and the minimum IWUE for the W1F1 treatment. At the same irrigation level, IWUE first
increased and then decreased with the increase in fertilizer application, while the increase in
the fertilizer application level to F4 did not benefit IWUE. For example, under W2 irrigation
treatment, the IWUE values of F1, F2, F3, and F4 fertilizer treatments were 2.11, 2.56, 2.33,
and 2.00 kg m−3, respectively, with an increase of 21.12% for F2, 10.58% for F3, and 5.21%
for F4 as compared with F1 treatment. The PFP ranged from 12.73 kg kg−1 to 27.00 kg kg−1,
with the maximum PFP in W3F2 treatment and the minimum in W1F3 treatment. At the
same fertilizer application level, PFP increased with the increase in irrigation water, and the
increase was significant. At the same level of irrigation, PFP decreased with the increase in
fertilizer application.

From Table 8, it can also be concluded that irrigation, fertilizer application, and water–
fertilizer coupling had a highly significant effect on economic income (p < 0.01). Irrigation
and fertilizer application had a highly significant effect on net profits (p < 0.01), while
water–fertilizer coupling had no significant effect on net profits (p > 0.05). The economic
income ranged from 77,907 (W1F1) to 163,281 (W3F3) CNY ha−1, and the net profits
ranged from 72,365 CNY (W1F1) to 158,241 CNY (W3F3). The highest economic income
increased by 109.58% as compared to the lowest economic income, and the highest net
income increased by 118.67% as compared to the lowest net income. At the same irrigation
level, the net return initially increased and then decreased with the increase in fertilizer
application. When the fertilizer application level was lower than F2 (750 kg ha−1), the
net profits decreased, and when the fertilizer application level exceeded F3 (825 kg ha−1),
increasing the fertilizer input did not lead to a sustained increase in net profits, but rather,
the net profits decreased. At the same fertilizer application level, the net profits were
W3 > W2 > W1 from the largest to the smallest, and the net profits increased with the
increase in irrigation water.
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Table 8. Effects of different water and fertilizer treatments on irrigation water use efficiency, fertilizer
partial productivity, and net profits.

Treatment IWUE (kg m−3) PFP (kg kg−1) G(CNY ha−1) WC(CNY ha−1) FC(CNY ha−1) L(CNY ha−1) N(CNY ha−1)

W1F1 1.94 ± 0.04 f 15.11 ± 0.3e 77,907 ± 1528 i 1117 3375 1050 72,365 ± 1528 g
W1F2 2.29 ± 0.19 bcd 16.00 ± 1.33e 105,600 ± 8800 efg 1117 3750 1167 99,567 ± 8800 ef
W1F3 2.00 ± 0.10 ef 12.73 ± 0.61f 94,006 ± 4476 gi 1117 4125 1283 87,481 ± 4476 fg
W1F4 2.23 ± 0.10 cd 13.00 ± 0.56f 90,894 ± 3884 efg 1117 4500 1400 83,878 ± 3884 fg
W2F1 2.11 ± 0.05 bc 21.11 ± 0.52c 104,378 ± 6610 abc 1438 3375 1350 95,856 ± 3211 ef
W2F2 2.56 ± 0.01 a 23.00 ± 0.07b 143,365 ± 416 abc 1438 3750 1500 136,677 ± 416 bc
W2F3 2.33 ± 0.11 def 19.09 ± 0.91d 125,857 ± 9455 cde 1438 4125 1650 121,396 ± 6632 cd
W2F4 2.00 ± 0.07 ef 15.00 ± 0.56e 115,133 ± 12,617 def 1438 4500 1800 110,448 ± 10,162 de
W3F1 2.18 ± 0.10 abc 26.67 ± 1.19a 139,740 ± 29,157 bc 1763 3375 1650 126,414 ± 24,365 bcd
W3F2 2.45 ± 0.09 ab 27.00 ± 1.00 a 151,441 ± 5609 ab 1763 3750 1833 144,095 ± 5609 ab
W3F3 2.36 ± 0.18 cde 23.64 ± 1.82 b 163,281 ± 14,885 a 1763 4125 2017 158,241 ± 13,127a
W3F4 2.00 ± 0.07 ef 18.33 ± 0.67 d 131,993 ± 4800 bcd 1763 4500 2200 123,530 ± 4800 cd
W1F1 1.94 ± 0.04 f 15.11 ± 0.3e 77,907 ± 1528 i 1117 3375 1050 72,365 ± 1528 g

Double factor variance analysis

W 336,322 ** 6674 ** 10,669 ** 17,970 **
F 91,067 ** 21,657 ** 70,008 ** 90,656 **

W × F 8650 ** 6787 ** 1629 ** 2323

Note: The values are expressed as mean ± standard deviation. Different letters following the values denote a
significant difference at p < 0.05 according to Duncan’s test—two treatments with the same letter (a, b, c, etc.)
indicate insignificant differences, * denotes a significant difference at the 0.05 level, ** denotes a significant
difference at the 0.01 level. p denotes significance level, W denotes irrigation, F denotes fertilization.

3.5. Multi-Objective Solution for Optimal Water and Fertilizer Amount

The binary quadratic regression equation was established with water and fertilizer
inputs as independent variables and the comprehensive quality, yield, IWUE, PFP, and net
profits of fragrant pear as dependent variables [43,44], as shown in Table 9. The regression
analysis showed that the effects of water and fertilizer inputs on the indicators reached a
highly significant level (p < 0.01), and the coefficients of determination were > 0.85 (Table 9).

Table 9. Regression model between water and fertilizer input and evaluation indices.

Output Variables Y Regression Equation R2 p

Comprehensive fruit
quality/Y1

Y1= −3.24 × 10−7 W2 − 1.95 × 10−6 WF − 8.82
× 10−5 F2 + 6.53 × 10−3 W + 0.155 F − 83.1111

0.965 <0.01

Yield/Y2 Y2= −2.11 × 10−4 W2 − 5.82 × 10−3 WF −
0.079 F2 + 10.003 W + 150.297 F – 80,397

0.986 <0.01

IWUE/Y3 Y3= −5.64 × 10−8 W2 − 2.98 × 10−7 WF − 2.44
× 10 – 5 F2 + 1.06 × 10−3 W + 0.040 F − 83.111

0.875 <0.01

PFP/Y4 Y4= −4.00 × 10−7 W2 − 7.01 × 10−6 WF − 1.94
× 10−4 F2 + 0.01438 W + 0.321 F − 83.111

0.988 <0.01

Net profits/Y5 Y5= −2.49 × 10−3 W2 − 1.33 × 10−2 WF −
2.044 F2 + 41.569 W + 3138.541 F – 1,311,072

0.986 <0.01

The coupling effect of irrigation and fertilization on the fragrant pear comprehensive
fruit, yield, IWUE, PFP, and net profits have a downward convex shape. When they reach
their maximum levels, the amount of irrigation and fertilizer required by crops is similar
(Figure 5).
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Figure 5. Three-dimensional surface plots of water and fertilizer input for each evaluation indi-
cator. Field observation values of evaluation indicators are represented by blue dots in the figure.
(a) Comprehensive fruit quality; (b) yield; (c) IWUE; (d) PFP; (e) net profits.

The boundary conditions of the multi-objective solution were determined by taking
W3 as the upper limit of irrigation and W1 as the lower limit of irrigation under the
water-limited drip irrigation condition. The maximum fertilizer application amount F4
was considered as the upper limit of fertilizer application and the minimum fertilizer
application amount F1 as the lower limit of fertilizer application. Since the comprehensive
quality, yield, IWUE, PFP, and net profits are difficult to be optimal at the same time and
the magnitude of each evaluation index is different, the linear normalization method was
used to normalize the data of each evaluation index, as shown in Figure 6.
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and fertilization.

The relative values of ≥90%, ≥85%, and ≥80% were defined as acceptable regions,
and the boundaries of these three acceptable regions corresponded to the contours of 0.90,
0.85, and 0.80, respectively, in Figure 7. From the spatial analysis method [45], the contours
of 0.9, 0.85, and 0.8 for each evaluation index in Figure 6 were projected onto a plane
(Figure 7). As shown in Figure 7, the relative value of ≥90% acceptable area is a point that
deviates far from those of IWUE, PFP, and net profits. Within the acceptable region ≥80%,
each evaluation index has an overlapping region; however, the overlapping areas are too
large and lead to deviation from the extreme values. However, there are overlapping areas
within 85% of the acceptable area that simultaneously satisfy the five evaluation indicators,
and 85% of the acceptable area is closer to the extreme values of each indicator than 80% of
the acceptable area. Therefore, the overlapping area with relative values of each evaluation
index ≥0.85 is the ideal range for water and fertilizer input; that is, the comprehensive
quality, yield, IWUE, PFP, and net profits of fragrant pear can reach more than 85% of the
maximum value at the same time when the irrigation water amount is 7484–8250 m3 ha−1

and the fertilizer application amount is 707–778 kg ha−1.
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Figure 7. The relationship of the relative value of each evaluation index with the amounts of irrigation
and fertilization. (a): The acceptable area is the relative value ≥ 90%; (b): The acceptable area is the
relative value ≥ 85%; (c): The acceptable area is the relative value ≥ 80%.

4. Discussion
4.1. Effect of Water–Fertilizer Coupling on the Comprehensive Quality of Fragrant Pear

In terms of fruit quality, fruit hardness, soluble solid content, soluble sugar content,
titratable acid content, and stone cell content directly determine the taste and flavor of
fragrant pear [13,46], and fruit shape index, single fruit weight, and kernel cross diameter
are important components to evaluate fruit quality [47,48]. We considered the fruit quality
of fragrant pear based on taste, nutrition, and appearance and evaluated the fruit quality
by PCA. The cumulative contribution rate was 89.977%, which explained most of the
variance, and the results were reliable. In the present study, the quality of fragrant pear
was found to gradually increase with the increase in water irrigation; this finding differed
from the results of previous studies [49,50]. This is because the previous irrigation capacity
of Korla fragrant pear was mostly 12,000 m3 ha−1, while the irrigation capacity in this
experiment was temporarily set at 7875 m3 ha−1 based on the constraint of “three red lines”.
Consequently, the irrigation quantity was greatly reduced, and the irrigation capacity was
lower than the threshold value. Within a certain range, increasing the irrigation amount can
promote root growth and nutrient uptake and accelerate photosynthetic rate and organic
matter synthesis [40]. It may also adjust the ratio of photosynthetic product nutrient
growth and reproductive growth distribution due to moderate water stress and improve
the transport and distribution of assimilated products within the plant [51], which may
improve the quality of fragrant pear. Both high and low fertilizer applications were found
to be detrimental to the overall quality of fragrant pear; this finding is consistent with the
results of most previous studies [51,52].

4.2. Effect of Water–Fertilizer Coupling on the Comprehensive Quality of Fragrant Pear

Yield is the main index to measure the economic benefits of fragrant pear cultivation,
and water and fertilizer application are the direct factors that affect the yield of fragrant
pear [53]. The coordinated coupling of water and fertilizer relationship is considered to
be conducive to high quality, high yield, high efficiency, and high profitability. Previous
studies have shown that there is a threshold response for water–fertilizer coupling. Below
the threshold, increasing water–fertilizer input increases yield significantly, while above
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the threshold, yield reduction occurs instead [54]. The application of an N fertilizer can
significantly affect dry matter accumulation, nutrient uptake, and distribution of crops,
thus affecting crop yield and quality. Yield and quality affect each other with mutual
constraints [55]. Under the drip irrigation fertilization condition, increasing the irrigation
amount can increase N fertilizer utilization efficiency, while increasing N application
reduces both quality and N utilization efficiency of cucumber [27]. Liu et al. [12] found that
water productivity increased with increasing fertilizer application and showed a U-shaped
change with increasing irrigation water amount. In the present study, the yield of fragrant
pear ranged from 10,200 (W1F1) to 20,250 kg ha−1 (W3F2). When the fertilization level
was kept the same, the yield of fragrant pear decreased with the increase in irrigation
water; when the irrigation water amount was kept the same, the yield of fragrant pear
initially increased and then decreased with the increase in fertilization. This is because
an appropriate increase in irrigation is conducive to the increase in soil water content,
promotion of root growth and development, and improvement in nutrient uptake, which
eventually leads to changes in fragrant pear yield and improves fertilizer utilization. Under
W1 treatment, even with the increased fertilizer application, its yield increasing effect was
not significant. Fertilizer application can also promote the growth of the fragrant pear root
system, which can promote soil water uptake and thus improve water use efficiency [56];
however, excessive fertilizer application will impair the balance between nutritional and
reproductive growth, resulting in a lower yield and PFP of fragrant pear. Similar findings
were reported by Xing et al. [42] and Faloye et al. [57]. Moreover, Liu et al. [9] showed
that the optimal fragrant pear yield was 53,790 kg ha−1 when the fertilizer application was
690 kg ha−1 and when the irrigation amount was 10,650 m3 ha−1. The fragrant pear yield
in the present study was reduced as compared to previous findings because of the low fruit
set rate in recent years due to frequent adverse natural disasters in the pear orchards in the
Korla region during the flowering and fruit harvesting periods [58].

The economic efficiency of orchards is the main concern of fruit farmers. By comparing
the quality, planting benefit, and cost and calculating the yield to investment ratio, Feng
et al. [59] found that the optimal treatment recommended for use in fragrant pear pro-
duction was 900 kg ha−1 of biofertilizer (effective number of live bacteria ≥ 1 × 109 g−1,
organic matter ≥ 50 g kg−1), 150 kg ha−1 of urea (total nitrogen ≥ 46%), 600 kg ha−1

of compound fertilizer (total nutrient ≥ 45%, S ≥ 10%), 1.13 kg ha−1 of foliar fertilizer
(Ca ≥ 160 g L−1, sugar alcohol chelate ≥ 98%), and 1050 kg ha−1 of drip irrigation fertil-
izer (potassium sulfate water-soluble fertilizer, N + P2O5 + K2O ≥ 50%). The net profits
of fragrant pear were 101,393.25 CNY, and the best combined yield to investment ratio
was 2.04:1. In the present experiment, by using sheep manure (3750 kg ha−1) and fungal
fertilizer (900 kg ha−1) as the base fertilizer, the net profits of fragrant pear reached the
maximum of 158,241 CNY ha−1 when the irrigation volume was 8250 m3 ha−1, and the
fertilizer application volume was 825 kg ha−1. Compared to a previous study, in the present
study, high efficiency and high benefit of fertilizer saving were achieved in the fragrant
pear orchard. The main reason for this is that in this study, we used the irrigation method of
surface drip irrigation, which can save more irrigation water and save more electricity cost
as compared to a large water irrigation system; secondly, we implemented the irrigation
and fertilization approach of frequent and small amounts to reduce the loss of water and
fertilizer, thus reducing the cost. We also found that increasing irrigation is beneficial to
improve the net profits of fragrant pear, while the cost of irrigation is a small percentage of
the total investment. However, when the irrigation is insufficient, the net profits will be
significantly reduced, which is the main reason why farmers are reluctant to save water and
use a large amount of irrigation water in the agricultural production process. At the same
level of irrigation, a large increase in fertilizer input will not lead to a sustained increase in
net profits, but rather a decrease in net profits. This is because fertilizer application and
irrigation need to be coupled in a coordinated manner, and a single increase in fertilizer
application may lead to soil nutrient structure disorders while increasing production costs.
This is consistent with the results of a previous study by Feng et al. [59].
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4.3. Optimal Water and Fertilizer Solution

To determine the optimal combination of irrigation and fertilization for each indicator,
scholars have mostly used multiple regression methods to establish water and fertilizer
regression equations with water and fertilizer application as independent variables and
single indicators as dependent variables and derived the optimal water and fertilizer
combination by solving the extreme values of the equations [60]. The limitation of this
method is that when there are more than two evaluation indicators, the method becomes
more difficult to implement, and the resulting water–fertilizer combination often does
not consider all evaluation indicators and cannot simultaneously make each indicator
optimal. Thompson et al. [23] used this method to evaluate the agronomic, economic, and
environmental benefits of drip-irrigated oilseed rape and found the optimal water and
fertilizer ratio in 95% of the overlapping area. Wang et al. [44] found the optimal water and
fertilizer area in 80% of the overlapping area. Li et al. [42] concluded that the acceptable
area for grapes was the optimal amount of water and fertilizer in the overlap area with
relative values ≥ 90% through a 3-year experiment. The advantage of using this method is
that it can accurately quantify the optimal value of the target and determine the acceptable
zone to meet different requirements, rather than analyzing through the trend of change
and simple size comparison. The disadvantage is that the interval is only an estimation
of the optimal water and fertilizer interval, but it cannot accurately determine the specific
irrigation and fertilization amount. Thus, the promotion and application of this method
in the Korla region for drip irrigation fragrant pear need further research. In the present
study, through multiple regression analysis, normalization treatment, and spatial analysis
method, the optimal irrigation and fertilization interval was found in the 85% overlap area,
and its fertilization irrigation interval was 7484–8250 m3 ha−1 and 707–777 kg ha−1 when
N (181–200 kg ha−1), P2O5 (223–246 kg ha−1), and K2O (300–332 kg ha−1) were applied.
This provides a basis for the determination of a water and fertilizer management system for
high quality, high yield, high efficiency, and high profitability of Korla fragrant pear. The
optimal fertilizer application interval in this study was approximately the same as reported
in previous studies [61,62], while the optimal irrigation amount was reduced. The reason
may be that the optimal irrigation water amount is different due to more factors considered
in this study, which integrates the comprehensive quality, yield, IWUE, PFP, and net profits
of fragrant pear. The optimal water and fertilizer area of this study intersects with the right
coordinate axis, which implies that there is still a part of the optimal water and fertilizer
area outside the figure. With the current implementation of the strictest water resource
management system and total water use control, the current tentative irrigation capacity of
7875 m3 ha−1 needs to be adjusted upward.

5. Conclusions

More effective use of water and fertilizer resources and the development of reasonable
water and fertilizer management schemes are among the urgent problems faced by China.
In the present experiment, we investigated the effects of water–fertilizer coupling on the
comprehensive quality, yield, IWUE, PFP, and net profits of drip-irrigated fragrant pear
and provided a multi-objective optimization scheme for drip irrigation of Korla fragrant
pear in the Xinjiang region; the experimental results improve the scientific basis for the
implementation of the strictest water management system in Xinjiang Korla fragrant pear
orchards. The following conclusions were drawn:

(1) Through the comprehensive quality evaluation model for fragrant pear, four
principal components were extracted, and their cumulative contribution rate was 89.977%,
with W3F2 treatment showing the best comprehensive quality and W1F1 treatment showing
the worst comprehensive quality. Under the condition of limited water drip irrigation, the
yield of fragrant pear was significantly affected by the coupling effect of water and fertilizer.
The yield was positively correlated with the amount of irrigation water and showed an
inverted U-shaped change with the amount of fertilizer application. The yield of fragrant
pear ranged from 10,200 (W1F1) to 20,250 kg ha−1 (W3F2). The yield showed a descending
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order of W3, W2, and W1 when the fertilizer application level was the same, while it
showed a descending order of F2, F1, F3, and F4 when the irrigation amount was the same.
The lower and upper threshold values of fertilizer application were F2 (750 kg ha−1) and
F3 (825 kg ha−1), respectively.

(2) IWUE, PFP, and net profits reached the maximum value in W2F2, W3F2, and W3F3
treatments, respectively. IWUE initially increased and then decreased with the increase
in irrigation water and fertilizer application, while PFP increased with the increase in
irrigation water and decreased with the increase in fertilizer application. The net profits
showed a trend of initial increase and then decrease with the increase in fertilizer application
and increased with the increase in irrigation water.

(3) Through the combination of multiple regression analysis and spatial analysis, we
concluded that under the conditions of this experiment when the irrigation water amount
was 7484–8250 m3 ha−1 and the fertilizer application amount was 707–778 kg ha−1, in
which N (181–200 kg ha−1), P2O5 (223–246 kg ha−1), and K2O (300–332 kg ha−1) were
applied, the comprehensive quality, yield, IWUE, PFP, and net profits of fragrant pear could
simultaneously reach more than 85% of the maximum value.
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