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Abstract: Precise and efficient fertilizer and irrigation management is critical for apple production in the
Loess Plateau, China. In this study, we established three levels of nitrogen application and irrigation
in nine treatments in an apple orchard based on a completely randomized block design. Then, we
analyzed different apple indicator responses to nitrogen and irrigation and their related interactions.
More importantly, we used the multilevel comprehensive fuzzy evaluation value (MFCE) method to
combine the weights of all indicators to obtain the comprehensive growth indicators for apples. Finally,
we analyzed the effect of nitrogen and irrigation coupling on the comprehensive growth of apples and
then determined the optimal interval for nitrogen application and irrigation. The results indicated that
an increase in the amount of irrigation was beneficial for apple yield, but excessive nitrogen fertilizer
application significantly reduced apple yield. The apple indicators were not sensitive to irrigation and
nitrogen application and their related interactions; they were mainly controlled by the apple cultivar.
On the other hand, an increase in the amount of nitrogen fertilizer or a reduction in the amount of
irrigation could improve apple quality. The results of the comprehensive evaluation showed that the
T5 treatment was most beneficial for the comprehensive growth of apples. To obtain the optimal interval
for nitrogen application and irrigation more precisely, we used multiple linear regression based on
the MFCE values of apples, nitrogen, and irrigation in R language. Nitrogen and irrigation showed a
positive effect on the comprehensive growth of apples when the irrigation amount was low. However,
nitrogen application and irrigation had a negative effect on the comprehensive growth of apples when
the irrigation level was high. After optimization, the optimal nitrogen application and irrigation amounts
were 170.5-189.5 kg-hm~2 and 38.4-42.7 mm, respectively. We recommend using this irrigation and
fertilizer management scheme for apple orchards in China’s Loess Plateau.

Keywords: Malus pumila Mill,; irrigation; nitrogen; comprehensive evaluation; fuzzy algorithm;
loess plateau

1. Introduction

The Loess Plateau is primarily a semiarid area in China. Ecological fragility and soil
erosion are major long-term problems in this area [1,2]. More importantly, the productivity
of crops on the Loess Plateau is severely limited because of soil water limitations [3].
Additionally, much soil has been eroded, which has resulted in vegetation degradation
and the destruction of ecosystems [4,5]. In 1999, the Chinese government implemented the
‘Grain to Green Project’ to address environmental crises and improve human well-being [6].
China has the largest apple (Malus pumila Mill.) planting area and fruit yield [7]. The
Loess Plateau is also a major planting area in China. Apple tree planting can not only
increase the income of local farmers but also effectively conserve water and protect the
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local ecosystem [8]. Therefore, the apple industry has become a major economic mainstay
in the Loess Plateau.

It is well known that irrigation and fertilization are the most important management
measures during apple cultivation. Apples are highly sensitive to water supplies, and
irrigation amounts can significantly affect the yield of apple fruits [9,10]. Nitrogen fertilizer
is the main nutritional factor absorbed by apples, and it has an important influence on
the growth and development of trees and the quality of fruits [11,12]. Improper amounts
of irrigation and fertilization not only affect plant yield and quality but also lead to soil
salinization and soil moisture loss [13]. The Loess Plateau is a relatively water-deficient
area and has severe soil erosion issues. Therefore, the precise and efficient use of nitrogen
fertilizer and irrigation is crucial to the conservation of the local agroecology and for the
economic benefits obtained from apple trees.

In fact, the compatibility of applied fertilizer and irrigation levels with the growth and
development of local crops can strongly influence the yield and quality of crops and the
efficient use of resources [14-16]. Appropriate irrigation and nitrogen application rates can
ensure the normal development of apple trees, resulting in positive yields and fruit quality.
Excessive levels of nitrogen application and irrigation can lead to unbalanced growth and
development in apple trees; when an original source or reservoir breaks, a surplus of nutrients
could be delivered to the trees [17-19]. Excessive nitrogen application may affect apple
fruit yield and size and cause unpleasant coloration on the fruit surface, leading to poor
economic yield [20]. Irrigation levels that are very low can also lead to the impaired vegetative
development of apple trees and to reduced yields [21]. Therefore, saving water by reducing
irrigation may result in a negative trade-off on apple trees, especially in arid and semiarid
areas such as the Loess Plateau of China. Therefore, scientific, and efficient irrigation is crucial
to ensure that the growth and development of apple trees are not affected [9,22].

The effect of nitrogen fertilizer and irrigation and their interaction on apples has not been
determined in detail in the Loess Plateau. More importantly, different amounts of irrigation
and nitrogen can significantly affect the yield, quality, and profitability of apples. In addition,
the responses of various apple indicators to nitrogen and irrigation and their interactions
are also unclear. A rational and scientific method is urgently needed to comprehensively
evaluate the effects of nitrogen application and irrigation on the comprehensive growth of
apples. Many evaluation methods have been used in agriculture, but most of them are single
evaluation methods that cannot objectively and subjectively evaluate the growth of the final
crops [23-25]. The multilevel fuzzy comprehensive evaluation (MFCE) method can effectively
combine subjective and objective evaluation results based on fuzzy algorithms and is widely
used in many fields [26-28]. Therefore, in this study, the objectives were to (1) explore how
nitrogen application and irrigation and their interactions affect various indicators in apples;
(2) determine the importance of different apple indicators for the comprehensive growth of
apples based on subjective and objective evaluations; and (3) determine how coupled nitrogen
and irrigation effects influence the comprehensive growth of apples based on the MFCE
method and determine the optimal irrigation and nitrogen management rates for apples in
the Loess Plateau.

2. Materials and Method
2.1. Experimental Site and Planting Details

The experiment was conducted in an apple orchard in Baishui, Shaanxi Province, China
(latitude 35°10" N, longitude 109°35" E). This region is categorized as a cold temperate zone
(Dwa) and experiences dry winters based on the Koppen climate classification. The apple
variety selected was ‘Ruixue,” which is the main apple variety cultivated locally. The apple
trees were planted in 2015, and the fruits were harvested in 2018. The experiment was
initiated in 2021, and the climate trends (radiation, rain, maximum temperature, and minimum
temperature) are shown in Figure 1. The soils at the experimental site are classified as Calcic
Cambisols according to the World Reference Base for Soil Resources 4th edition [29]. The soil
nutrient concentrations in the initial soil profile (0-100 cm soil layer) are shown in Table 1.



Water 2023, 15, 468

30f16

v ‘Tl 'v"” ' ro0
40 1 30 L 10
>
9 30 - 125 S | 20
o £
S 20rF 120 2 E
© S~
] g - 30 =
£ 10+ 116 & i
2 g
& F40
0Or 110
Radiation Rain
10 F —— Maximum temperature 15 r 50
—— Minimum temperature
Il ! ! 1 0 L 60

2021/01/01 2021/04/10 2021/07/19 2021/10/27
Date

Figure 1. Meteorological information from the experimental site in Baishui, Shaanxi Province, China.
Radiation (grey line), rain (blue line), maximum temperature (red line), and minimum temperature
(green line) were recorded daily in 2021.

Table 1. Soil nutrient concentrations in the initial soil profile (0-100 cm soil layer at the experimental
site at Baishui, Shaanxi province, China).

Layer pH SOM Nitrate—N Ammonia—N P, K, SBD PWP FC
0—20 cm 8.22 14.40 41.74 1.59 12.00 410.68 1.44 10.4 22.39
20—40 cm 8.29 11.95 27.46 1.28 4.66 502.03 1.55 10.4 24.76
40—60 cm 8.03 11.3 25.24 091 4.10 480.20 1.34 11.5 25.24
60—80 cm 8.14 12.1 20.4 0.86 3.85 402.35 1.50 12.8 26.30
80—100 cm 8.28 11.8 18.2 0.85 3.24 380.21 1.56 14.3 26.10

Note: pH is the value of Pondus Hydrogenii; SOM is soil organic matter (g-kg~'); nitrate-N is the nitrate nitrogen
content of the soil (mg-kg~!); ammonia-N is ammonia nitrogen content of the soil (mg-kg™!); P, is available
phosphorus content of the soil (mg-kgfl); K, is available potassium content of the soil (mg-kgfl); SBD is soil bulk
density (g-cm~3); PWP is the permanent wilting point (%); FC is the field capacity (%).

During the experiment, the sprouting stage of the apple trees began on 7 April, the
fruiting stage began on 7 May, the young fruit stage began on June 9, the fruit swelling
stage began on 24 August, and the ripening period began on 10 October. We used drip
irrigation under black mulch with drip tape (spacing = 0.5 m; flow rate = 2.3 L/h) to
reduce evapotranspiration and achieve irrigation retention. All the daily field management
practices were consistent with those of local farmers.

2.2. Experimental Design

A completely randomized block design with three replicates was used for the experi-
ments conducted at the apple orchard. We established a total of nine combined treatments,
including three different irrigation levels and three different nitrogen (N) levels (Table 2).
Each treated block (90 m long and 4.0 m wide) was planted with 60 apple trees. The
base fertilizer, which included one-quarter of the total N fertilizer and all the P fertilizer
(P,0s, 240 kg-hm 1) and K fertilizer (K,O, 180 kg-hm 1), was initially applied to the roots
of the apple trees in each experimental plot before the apple trees broke dormancy. All
experimental plots were then irrigated to field capacity. After the apple trees were past
the sprouting stage, all irrigation and nitrogen application treatments were initiated. For
different irrigation treatments, we used a soil moisture conductivity sensor to obtain the
moisture content of the soil to ensure that the soil moisture content was 50%, 70%, and
90% of the field capacity. The actual irrigation period was every 3-6 days for 2021, and on
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rainy days, no irrigation was applied. Fertilizers were applied using high-frequency drip
fertigation. That is, we placed N fertilizer (three-quarters of total nitrogen) and water at the
roots of the apple trees through drip irrigation tapes at the beginning of each phenological
period (7 April 2021, 7 May 2021, 9 June 2021, 24 August 2021) of the apples.

Table 2. Amounts of irrigation and N fertilizer at the experimental site in Baishui, Shaanxi Province, China.

Treatment Nitrogen Amount of Irrigation Amount of
Level Nitrogen/kg-hm—2 Level Irrigation/mm
T1 N1 160 18.4
T2 N2 180 W1 (50% Af) 18.4
T3 N3 200 18.4
T4 N1 160 36.8
T5 N2 180 W2(70% Af) 36.8
T6 N3 200 36.8
T7 N1 160 64.8
T8 N2 180 W3(90% Af) 64.8
T9 N3 200 64.8

Note: Af is the amount of water required to irrigate a 0-60 cm soil layer from 50%, 70%, and 90% to 100% field capacity.

2.3. Data Measurement
2.3.1. Yield Data

The single fruit weight (SFW) was measured when the apple fruit was ripe, and the
fruit number per plant (FNP) was counted on each tree when all the apples could be
harvested. The degree of maturity of the apple fruit had to be consistent, and the final
apple yield was estimated by SFW, ENP, and planting density.

2.3.2. Fruit Shape and Quality Data

All fresh apple fruits were measured for shape and quality within a week. Vernier
calipers were used to measure the vertical and horizontal diameters of apple fruits, which
were used to calculate the fruit shape index (FSI). A GY-4 digital hardometer was used to
measure the fruit firmness (FF) of the apples. The soluble sugar content (SSC) was quantified
via anthrone colorimetry; phenolphthalein indicator and 0.1 mol-L~! NaOH were used to
measure the organic acids (OA); and total soluble solids (TSS) and sugar-acid ratio (SAR) was
measured by a digital PAL-Easy ACID3 tonic system (ATAGO, Tokyo, Japan).

2.3.3. Profit Index Data

The irrigation water use efficiency (IWUE) was calculated as follows:

IWUE = % @
where, IWUE is the irrigation water use efficiency (kg-mm™1!); Y is the apple fruit yield
(kg-hm~2), and I is the drip irrigation water applied (mm-hm~?2).

The partial factor productivity of applied N (PFPy) was calculated as follows:

Y
PFPy = — 2
N Fy x 1000 @

where, PFPy is the partial factor productivity of applied N (kg-kg 1), Y is the apple fruit
yield (kg-hm~2), and Fy is the amount of nitrogen application (kg-hm~2).
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2.4. Multilevel Fuzzy Comprehensive Evaluation Method

First, we have categorized the apple indicators into the following factors: yield, the
shape of the fruit, the fruit quality indicators, and the profit index, respectively.

Ai = {al , 42,03, 114} (3)

Then, we classified the sub-indicators and built the data frame. More specifically, a11
is the single fruit weight (SFW), ay; is the fruit number per plant (FNP), a;3 is the apple
yield (Y), ap; is the fruit shape index (FSI), ay; is the fruit firmness (FF), as; is the total
soluble solids (TSS), a3, is the organic acids (OA), as3 is the soluble sugar content (SSC),
a34 is the sugar-acid ratio (SAR), a4, is the irrigation water use efficiency IWUE), and a4 is
the partial factor productivity of applied N (PFPy).

ay = {a11,a12, 413}

ay = {ax, a2} @)
a3 = {az1, 43,033,034}

a4 = {6141,6142}

ajj =

According to the fuzzy algorithm, each indicator and its relevant sub-indicators had
a corresponding set of evaluation values. Therefore, we have constructed fuzzy maps of
indicators (V;) and sub-indicators (v;) for the nine treatments.

{viz{vl,vz,---%} } ®)

Uij = (01,712,. ..,09)

The analytic hierarchy process (AHP) algorithm is often used to subjectively assess the
importance of something; thus, it is a subjective evaluation method. The AHP algorithm
consists of three layers, including a target layer, a factor layer, and a subfactor layer
(Figure 2).

Comprehensive Evaluation Method of Apple
[

v v i
al ‘ | al ‘ a3 a4
I ]

r y Y L 4 y Y Y y y y
all al2 al3 ‘ a2l l a2l a3l a32 a33 l a34 l adl a4l

Figure 2. The comprehensive hierarchical evaluation system for apples in Baishui, Shaanxi Province,
China. The al-a4 is yield, the shape of the fruit, the fruit quality indicators, and the profit index, respectively.
The al1 is the single fruit weight (SFW), 412 is fruit number per plant (FNP), 213 is the apple yield (Y);
a21 is the fruit shape index (FSI), 222 is the fruit firmness (FF); a31 is the total soluble solids (TSS), a32 is
the organic acids (OA), a33 is the soluble sugar content (SSC), 134 is the sugar-acid ratio (SAR); a41 is the
irrigation water use efficiency (IWUE), and 442 is the partial factor productivity of applied N (PFPyy).

More specifically, AHP uses questionnaire results to establish a judgment matrix for
each sub-indicator as follows:

bi1 b1z -+ bin
byi by -+ b

bnl bn2 bnn
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To calculate the weight of each factor, we first calculated the product of the elements
of each row of the matrix (bj) as follows:

M =]]b; j=12...,n) @)

n
=1

Then, we calculated the weight of each indicator (/;) and obtained the dataset of these
weights (I). The consistency ratio (CR) test indicated that the weight of the factors conformed
to the subjective judgment of human thinking. When CR < 0.1, the consistency ratio test is
rational, so the weight of the factor is effective. First, we calculated the maximum characteristic
root (Amax) and consistency index (Ic) and then used I and average random consistency
index (IR) to calculate CR. The calculation process for all parameters is as follows:

I=[h,l... 0"
nMi

SN ®)

The entropy method is the main approach used to determine the objective weight of
an indicator. They can effectively reflect the information implied by the data and exhibit
strong operability. By using the entropy method, the weight of the subfactor is calculated
using the following procedure:

The measured data of the subfactor set are standardized to

iy = (x]-z/zrz‘:1 sz)(j —1,2,..,mz=12,...,m0<r<1) )

where Xjz is the actual measured data.
The information entropy of the subfactor set is calculated. If there are m evaluation
indicators and n evaluation objects, then the j-th index information entropy is defined as

Ej= — (In) 'Y " nlnry,,i=1,2,3j=1,2,3,...,m (10)

where Ej; is the information entropy of the j-th subfactor of the i-th factor.
The weight of each subfactor set is determined. After the j-th index information
entropy is determined, the entropy weight (wj) of the j-th subfactor is measured as

1-E; m
wy = 7,”1],0 <wjy < LZZUij =1 (11)
m— 3 Ej =1

Finally, we used the obtained subjective weights and objective weights to calculate
the multilevel comprehensive fuzzy evaluation value (MFCE). The single-level fuzzy
evaluation of factor sets is as follows:

wW11W12 * - - Wim r11712 == " ¥in by1b1p -+ - bin
o = e, — | W21W22° " Wom 22T byibyy - bon (12)
2R T s wsy - w Do : | barba---b
31W32 3m . 31032 3n

W41 Wy - - - Wam 1 Fm2 - Fmn biibyp - - - ban

where cj;, is the fuzzy evaluation index of the i-th indicator set.
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We then calculated the first-level fuzzy value and the subjective weight and finally
obtained all the second-level fuzzy values of all treatments.

C11€12 - * CIn
C21€22 - - * Con
Cz = aibiz = [a1a2a3a4] = [C1C2 s Cn] (13)
€31€32 " " C3n
C41C42 * * * C4n

3. Results
3.1. Effects of Nitrogen and Irrigation on Yield Indicators of Apple

The SFW, ENP, and apple Y were significantly affected by the amount of irrigation
and nitrogen applied, but FNP was not sensitive to the interaction effects of irrigation
and nitrogen. Notably, SFW, FNP, and Y all showed an upwards trend with increasing
nitrogen and irrigation (Table 3). However, when the irrigation amount ranged from 70%
to 90% field capacity, the apple yield did not increase or even decrease, implying that the
benefit of irrigation on yield was significantly reduced when the irrigation amount was too
high. For the different treatments, T9 (N3W3) had the highest SFW, which was significantly
higher than that of T1 by 42.25% (N1W1, lowest treatment of SFW). However, the SFW
of T5 (N2W2) was only 1.12% lower than that of T9 (Figure 3). Furthermore, both FNP
and Y were highest in T5, but the difference between T5 and T6 (N3W2) for FNP was not
evident, suggesting that an increase in irrigation did not significantly improve FNP when
the nitrogen application was high (Figure 3). More importantly, T5 also had the largest
FNP value, which was 8.93% higher than that of T6, indicating that Y did not increase
significantly when the amount of nitrogen and irrigation were very high.

Table 3. Effect of different levels of nitrogen application (N) and irrigation (W) and their interaction
effects (N x W) on different apple indicators in Baishui, Shaanxi Province, China.

Factors SFW FNP Y FSI FF TSS OA SSC SAR IWUE PFPN
N1 145.73 b 45.00 ¢ 11,004.57 c 0.87 10.86 a 13.82b 041la 11.21b 28.87b 307.54 b 68.78 ¢
N2 162.24 a 54.44 ab 14,964.26 ab 0.86 10.36 a 1426a 032D 12.83 a 4582 a 409.43 ab 83.13 a
N3 162.60 a 56.00 a 15,202.94 a 0.88 9.87b 14.57 a 029 ¢ 1230 a 4721 a 438.80 a 76.01Db
Wil 135.81b 37.67b 8488.28 b 0.87 10.68 1479a 032D 12.59 a 42.02b 461.32a 46.86 b
w2 166.59 a 58.44 a 16,188.54 a 0.88 10.32 14.12b 024 c 12.38 a 54.81a 439.91 ab 89.40 a
W3 168.19 a 59.33 a 16,494.95 a 0.86 10.09 13.73b  046a 11.38Db 25.09 ¢ 254.55 ¢ 91.66 a

N * * * ns * * %% *3% *3% * %%
W * * * ns ns * e 3% Ea LR *
N X W * ns * ns ns * %% %% *3% * *

Note: SFW is the single fruit weight (g), FNP is the fruit number per plant, Y is the apple yield (kg-hm—2); FSI
is the fruit shape index, FF is the fruit firmness (kg-cm~2); TSS is the total soluble solids (%), OA is the organic
acids (%), SSC is the soluble sugar content (%), SAR is the sugar-acid ratio; IWUE is the irrigation water use
efficiency (kg-mm™!), PFPy is the partial factor productivity of applied N (kg-kg~'). The letters after values
indicate significant differences after ANOVA based on Duncan’s analysis. In addition, * = p < 0.05, ** = p <0.01,
*** = p <0.001, ns = no significance.

3.2. Effects of Nitrogen and Irrigation on Shape and Quality of Apple Fruit Indicators

Nitrogen, irrigation, and their interaction effects did not seem to have a noticeable
effect on the FSI of apples (Table 3). The FSI of apple was not significantly different among
all the treatments (Figure 4). The FF was only affected by nitrogen (N1 > N2 > N3) and was
not sensitive to irrigation and the interaction effects because of p > 0.05 (Table 3). The largest
FF was observed in T1 (N1W1, 11.67), which was 21.1% higher than that in T9 (N3W3, 9.64),
which had the lowest value. However, other than T1, the FFs of the other treatments were
not significantly different, indicating that nitrogen and irrigation also had limited effects
on the FFs of apples (Figure 4).
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Figure 3. Single fruit weight (SFW), fruit number per plant (FNP), and yield (Y) are influenced by
irrigation (W1, W2, and W3) and nitrogen (N1, N2, and N3). Error bars indicate the standard error of
the mean values (n = 3). The different letters for each data point represent the differences between
the treatments based on Duncan’s analysis at p < 0.05. The statistical comparisons between different
factors are listed in Table 3.

Nitrogen and irrigation and their interactions significantly affected the TSS, and the
rank was N3 > N2 >N1 and W1 > W2 > W3 (Table 3). Under nitrogen and irrigation inter-
action, T7 (N3W1) had the highest TSS, which was 21.32% higher than that of T6 (N2 W3).
The TSS content of the apples increased with increasing nitrogen application and decreasing
irrigation amount. The OA content of the apples was significantly affected by nitrogen and
irrigation and their interaction (p < 0.001); that is, OA was extremely sensitive to changes
in nitrogen and irrigation applications (Table 3). In all treatments, T3 (N1 W3) achieved
the highest OA, and it was significantly higher than that of the other treatments. The OA
of T5 was the lowest, but there was no significant difference between T5 (N2 W2) and
T8 (N3 W2). The SSC of the apples was also significantly affected by nitrogen and irrigation
and their interaction (Table 3). SSC first increased and then decreased as the nitrogen
amount increased, but it continued to decline as the irrigation amount increased (Table 3).
There were also differences in the responses of different SSC treatments to nitrogen and
irrigation. Overall, T5 (N2 W2) had the highest SSC, and it was significantly higher than
that of T3 (N1 W3) by 39.04%. Therefore, very high or very low amounts of nitrogen and
irrigation had negative impacts on the SSC of apples (Figure 5). The SAR of the apples
also showed similar trends in response to nitrogen application and irrigation. The SAR
also increased gradually with increasing nitrogen application. However, the SAR showed
a trend in which it first increased and then decreased with increasing irrigation amount.
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Among the different SAR treatments, the SAR of T5 (N2 W2) was significantly higher than
that of the other treatments. T3 (N1 W3) achieved the lowest SAR among all treatments
(Figure 5). Therefore, the SAR of apples was negatively affected when the amount of
nitrogen was very low, or the irrigation level was very high.

12 - W1 W2 W3
a a a
2 5 a a a a
08
7
w
04 -
0.0
a
12 ab ab ab ab
ab ab ab
ab
5
S8
™
o
4
0
N1 N2 N3

Figure 4. Fruit shape index (FSI) and fruit firmness (FF) as influenced by irrigation (W1, W2, and W3)
and nitrogen (N1, N2, and N3). The error bars indicate the standard error of the mean values (1 = 3). The
different letters for each data point represent the differences between the treatments based on Duncan’s
analysis at p < 0.05. The statistical comparisons between different factors are listed in Table 3.

20 - - W1 W2 mmm W3

TSSI%

SSC/%

N1 N2 N3 N1 N2 N3

Figure 5. Total soluble solids (TSS), organic acids (OA), soluble sugar content (SSC), and sugar-acid
ratio (SAR) as influenced by irrigation (W1, W2, and W3) and nitrogen (N1, N2, and N3). The error
bars indicate the standard error of the mean values (1 = 3). The different letters for each data point
represent the differences between the treatments based on Duncan’s analysis at p < 0.05. The statistical
comparisons between different factors are listed in Table 3.
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3.3. Effects of Nitrogen and Irrigation on the Apple Profit Index

Nitrogen and irrigation and their interaction significantly affected the IWUE. IWUE
showed a downward trend with increasing irrigation (W1 > W2 > W3), and it also
rose slowly with an increase in applied nitrogen (Table 3). For the different treatments,
T7 (N3W1) exhibited the highest INUE, and T3 (N1 W3) had the lowest of all treatments
(Figure 6). Moreover, the PFPy was not significantly affected by irrigation and nitrogen
but was affected by their interactions. A negative feedback effect existed between nitrogen
application and PFPy; that is, PFPy first increased and then decreased with increasing
nitrogen application. However, PFPyN showed an upwards trend with increasing irriga-
tion amount, indicating that irrigation had a positive feedback effect on PFPy (Table 3).
T5 (N2W2) achieved the highest PFPN among all the treatments. Notably, the PFPy values
of T1, T4, and T7 were nearly indistinguishable due to the low irrigation amount (Figure 6).

- W2 W3
600 - a
E
5
5’400—
=
=
200 -
0
o
—
(o))
<
=z
o
TR
a

N1 N2 N3

Figure 6. Irrigation water use efficiency (IWUE) and partial factor productivity of applied N (PFPy;)
as influenced by irrigation (W1, W2, and W3) and nitrogen (N1, N2, and N3). The error bars indicate
the standard error of the mean values (1 = 3). The different letters for each data point represent the
differences between the treatments based on Duncan’s analysis at p < 0.05. The statistical comparisons
between different factors are listed in Table 3.

3.4. Comprehensive Evaluation of Apple Indicators Based on Multilevel Fuzzy Comprehensive Evaluation

We observed that nitrogen application and irrigation regulate different indicators
in apples; therefore, coordinating the differences in all apple indicators based on nitro-
gen and irrigation is an important issue in plant management. The MFCE was used to
assess the comprehensive growth of apples in Baishui. In terms of subjective weight
(AHP method), yield indicators were considered the most important for the comprehen-
sive growth of apples (0.324). The second most important indicator was the quality in-
dicator of apples (0.304), followed by the profit indicator (0.247) and the shape of fruit
indicator (0.125). Among the objective weights of all sub-indicators, the weight ranking
was described as apple yield > FNP > SFW; FF > FSI; SAR > SSC > OA >TSS; PFPy > IWUE
(Table 4). Therefore, apple yield, SAR, PFPy, and FF mainly affected the comprehensive
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growth of apples among all sub-indicators (Table 4). The MFCE method can yield a com-
prehensive evaluation value for all treatments based on the AHP and entropy method
(Figure 7). In other words, the amount of nitrogen and irrigation applied in treatment was
most favorable for the comprehensive growth of apples when the MFCE value was the high-
est. Therefore, the amount of nitrogen and irrigation in T5 (N2 W2) were most favorable for
the comprehensive growth of apples because this treatment had the highest MFCE value.
T1 (N1W1) was most unfavorable for the comprehensive growth of apples. Similarly,
excessive amounts of nitrogen and irrigation were not conducive to the comprehensive
growth of apples.

Table 4. Subjective weights of factors and objective weights of subfactors based on AHP and entropy method.

al a2 a3 a4
Treatment
all al2 al3 a2l a22 a31 a32 a33 a34 a4l a42

N1wW1 0.090 0.072 0.057 0.112 0.125 0.111 0.128 0.106 0.081 0.111 0.065
N2W1 0.098 0.074 0.064 0.110 0.114 0.111 0.107 0.111 0.102 0.125 0.065
N3W1 0.100 0.096 0.085 0.110 0.104 0.125 0.078 0.129 0.161 0.164 0.076
N1W2 0.110 0.098 0.095 0.110 0.112 0.105 0.103 0.109 0.103 0.092 0.107
N2W2 0.127 0.140 0.156 0.112 0.110 0.120 0.064 0.129 0.199 0.151 0.156
N3W2 0.117 0.138 0.142 0.115 0.110 0.106 0.067 0.102 0.148 0.138 0.128
N1W3 0.109 0.119 0.115 0.112 0.113 0.108 0.173 0.093 0.052 0.063 0.130
N2W3 0.120 0.136 0.143 0.107 0.109 0.103 0.145 0.112 0.075 0.079 0.144
N3W3 0.128 0.127 0.143 0.111 0.103 0.112 0.134 0.108 0.078 0.078 0.129
AHP 0.324 0.125 0.304 0.247
Entropy 0.073 0.315 0.613 0.112 0.888 0.013 0.036 0.369 0.582 0.499 0.501

Note: al-a4 is the yield, shape of the fruit, fruit quality indicators, and profit index, respectively. The a1l is the
single fruit weight (SFW), a12 is fruit number per plant (FNP), 13 is the apple yield (Y); a21 is the fruit shape
index (FSI), a22 is the fruit firmness (FF); a31 is the total soluble solids (TSS), a32 is the organic acids (OA), a33 is
the soluble sugar content (SSC), a34 is the sugar-acid ratio (SAR); a41 is the irrigation water use efficiency (IWUE),
and 442 is the partial factor productivity of applied N (PFPy). Regarding the AHP method, the consistency ratio
index (CR) is 0.027 < 0.1, so subjective weights are reasonable.

012
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Multi-level fuzzy comprehensive evaluation values
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Figure 7. Multilevel comprehensive fuzzy evaluation value of all treatments of apple in Baishui,
Shaanxi province, China.

3.5. Responses in the Comprehensive Growth of Apples to the Coupling of Nitrogen and Water
Based on Multilevel Fuzzy Comprehensive Evaluation

After obtaining the MFCE values of all treatments, we constructed a comprehensive
apple growth model based on the amount of nitrogen and irrigation and the MFCE values
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of all treatments. Specifically, we constructed a multiple linear regression model using the
“LM” function in R language, which was fitted between the standardized MFCE values (y)
and nitrogen (x1) and irrigation (x2). The quadratic polynomial regression equation used
to determine the effects of nitrogen and irrigation on the comprehensive growth of apples
was described as follows:

y = —18.3400 + 0.9379x; + 0.1813x; — 0.0007x;% — 0.0004x,% — 0.0001x;xy  (14)

where y is the standardized MFCE value, X; is the amount of nitrogen, and x; is the amount
of irrigation. In this model, the coefficient of determination (R?) of y was calculated as
0.801, and the regression was significant at the 0.01 level (p-value = 0.002).

For the effect of nitrogen or irrigation on the comprehensive growth of apples, the
MECE value of apples increased gradually and then decreased slowly with increasing
nitrogen amount. Therefore, a very low nitrogen amount was not conducive to the compre-
hensive growth of apples, but increasing the nitrogen amount within a certain threshold
significantly improved the MFCE value of apples (Figure 8). However, the MFCE value of
apples first increased and then decreased with increasing irrigation amount. That is, a very
high or very low irrigation amount was not conducive to the comprehensive growth of
apples. For the coupled effect of nitrogen and irrigation there was a positive feedback effect
between nitrogen and irrigation; that is, a coupling effect promoted the comprehensive
growth of apples, within which an increase in nitrogen also promoted the comprehensive
growth of apples. However, there was a negative feedback effect between irrigation and
nitrogen amount when the amount of irrigation was gradually increased. Overall, con-
trolling the amount of irrigation and increasing the amount of nitrogen fertilizer within
a certain threshold could help the comprehensive growth of apples. Therefore, we car-
ried out a simulated optimization to model the comprehensive growth of apples. The
“expand.grid” function in R language was mainly used to construct a grid interval for
nitrogen and irrigation. Then, we invoked the comprehensive growth model to yield the
optimal combination of nitrogen and irrigation, that is, the combination at which the largest
MEFCE value was obtained. The nitrogen and irrigation interval was set to more than 90%
of the optimal value to ensure the applicability of the final results for actual production
management. From the simulation analysis, the optimal amounts of nitrogen and irrigation
were 170.5-189.5 kg‘hmf2 and 38.4-42.7 mm, respectively.
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Figure 8. Interactive effects of irrigation and N fertilizer application on the comprehensive growth
of apples in Baishui, Shaanxi Province, China. The x, y, and z axes represent the values for irri-
gation, N fertilization, and standardized comprehensive evaluation based on the multilevel fuzzy
comprehensive evaluation method. The depth of the color bar denotes the size of the standardized
comprehensive evaluation value.
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4. Discussion

Water and fertilizer are very important for the growth of crops, so inappropriate
amounts of water and fertilizer have adverse impacts on the growth, yield, and quality of
crops [30-32]. There were differences in the response of apple yield indicators to nitrogen
fertilizer application and irrigation. The SFW, FENP, and apple yield all increased with
increasing nitrogen application and irrigation (Table 3). However, when the nitrogen
application level was very high, the yield of apples was significantly affected, indicating
that the nitrogen amount must be controlled within a reasonable range to ensure apple
yield [33,34]. Interaction between nitrogen application and irrigation also significantly
affected apple yield. We found that apple yields improved when irrigation was at high
levels and nitrogen was at medium levels (Figure 3). Overall, when the nitrogen levels were
very high, the apple yields were not significantly improved with increased irrigation [35,36].
This may be because an increase in nitrogen is more conducive to the synthesis of protein in
apples, resulting in a reduced supply of carbohydrates. The shape of the fruit appeared to
be insensitive to nitrogen and irrigation and their interactions, and few significant changes
were observed among the treatments (Figure 4). This was probably because apple shape is
mainly controlled by the cultivar genotype, and our study did not contain fertilizer- and
irrigation-limited treatments [37,38].

The market value of apples is affected not only by the yield but also by the quality of the
fruit, which is also an important indicator. The quality of the apple fruits was significantly
affected by nitrogen and irrigation and their interaction (Table 3). Appropriate amounts of
nitrogen application can improve the content of the TSS, SSC, and SAR in apple fruits, but
organic acids (OA) decreased significantly with increasing nitrogen application (Figure 5).
An increase in irrigation amount reduced the quality of apple fruits; in contrast, a moderate
irrigation deficit helped improve the quality of apple fruits [39,40]. In this study, both the
TSS and SSC decreased with increasing irrigation amount, but OA showed a trend in which
it first increased and then decreased (Table 3). The quality of apple fruits was significantly
improved when the irrigation amount was low. Plants experience different degrees of
drought stress signals at different irrigation levels. During drought stress, plants change
their distribution of sources and sinks, inducing changes in the protein, starch, and mineral
elements in the fruits [41-43]. For the apple profit index, the IWUE and PFPy were clearly
and significantly affected by irrigation and nitrogen application, respectively (Table 3). The
IWUE of T7 was the highest of all the treatments, but the difference between T5 and T7
was minimal. The PFPy of T5 also had optimal values. Therefore, nitrogen and irrigation
levels that are very high or very low may have adverse effects on the profit index [44,45].
In fact, the quality of apple fruits was affected not only by irrigation and nitrogen but also
by the duration of open-air storage after harvest. In addition, the concentration of CO, in
the environment can also significantly affect the quality of apple fruits [46,47].

Because each indicator had different responses to irrigation and fertilizer, it was
difficult to accurately and efficiently regulate irrigation and fertilizer during production
management [48,49]. Therefore, we used the MFCE method to comprehensively assess the
comprehensive growth of apples. Previous researchers have used a variety of evaluation
methods to evaluate the growth and development of agricultural crops, but the differences
in the evaluation methods have yielded different results because of the different subjective
or objective methods applied [50]. Therefore, we also used subjective (AHP) and objective
(entropy) weights to calculate the apple MFCE values [25,51]. Subjective weights mainly
indicated that the yield and quality of apple indicators had the greatest impact on the
comprehensive growth of apples (Table 4). The objective weight of the sub-indicators
indicated that the apple yield, FF, SAR, and PFPy had greater impacts on the comprehensive
growth of apples. The final results also indicated that the largest MFCE value occurred in
T5, which ranked in the top three for yield and quality indicators among all treatments
(Figure 7). Subsequently, we evaluated the effect of irrigation and fertilizer coupling on
the comprehensive growth of apples. We found that the coupling effect of nitrogen and
irrigation significantly promoted the comprehensive growth of apples when irrigation was
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below a medium level. However, the MFCE value of apples showed a downward trend
when irrigation was above a medium level, and the nitrogen application was at a high level
(Figure 8). In fact, other studies have shown that excessive amounts of nitrogen application
and irrigation can reduce apple yield and quality, respectively [52-54]. Therefore, we
obtained the optimal amount of nitrogen application and irrigation for apples in the Loess
Plateau, and these were obtained based on the comprehensive evaluation of apples. The
results of this study may differ from those of others, possibly due to the age and variety of
the apple trees or their geographical location. However, the MFCE method systematically
and scientifically considers different indicators related to various aspects of apples; thus,
the final result is credible.

5. Conclusions

We focused on the effect of nitrogen application and irrigation regulation on different
apple indicators and found that the indicators had different responses to nitrogen appli-
cation and irrigation. Then, we used the MFCE to comprehensively evaluate the growth
of apples. The yield indicators had the greatest impact on the comprehensive growth of
apples, followed by fruit quality indicators, while the shape of fruit indicators had the
lowest impact. Then, we analyzed the effect of nitrogen and irrigation coupling and found
that nitrogen and irrigation showed a positive effect on the comprehensive growth of apples
when the irrigation amount was low. However, nitrogen and irrigation had a negative effect
on the comprehensive growth of apples when irrigation was at high levels. After simulating
and optimizing the comprehensive growth model for apples, we recommend nitrogen
application and irrigation rates of 170.5-189.5 kg-hm 2 and 38.4-42.7 mm, respectively.

Although MFCE can yield optimal irrigation and nitrogen management practices, only
one apple cultivar was used in this study, so the applicability of the results might be limited.
In the future, the water and fertilizer management strategies for different apple cultivars
should be optimized.

Opverall, we consider our method to be applicable for assessing irrigation and nitrogen
levels for apples and other crops. We also believe that our results play an important role in
guiding nitrogen and irrigation strategies for the efficient usage of nitrogen and irrigation
for apple cultivation on the Loess Plateau, China.
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