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Abstract 

To identify optimal water and fertilizer management for walnut trees under subsurface drip 
irrigation in Southern Xinjiang, a field experiment was conducted on 16-year-old ‘Wen 185’ walnuts 
in Aksu. Four irrigation levels—75% ETc (W1), 100% ETc (W2), 125% ETc (W3), and 150% ETc (W4)—
and three fertilizer levels—N 270, P 240, K 300 kg·hm-2 (F1), N 360, P 320, K 400 kg·hm-2 (F2), and N 
450, P 400, K 500 kg·hm-2 (F3)—were applied, resulting in 12 treatments. This study assessed the 
impact of different water and fertilizer treatments on walnut growth dynamics, yield, fruit quality, 
water and fertilizer use efficiency, and soil nitrate residue. Principal component analysis (PCA) was 
employed to develop comprehensive growth and photosynthesis indices (CGI and CPI). Pearson 
correlation analysis was used to identify parameters significantly correlated with yield and quality. 
A game theory-based combination weighting method was then applied to integrate six categories of 
indicators: growth, photosynthesis, yield, quality, resource use efficiency, and environmental impact. 
A coupled TOPSIS-GRA model was established for comprehensive evaluation, and binary quadratic 
regression was used to optimize the water and fertilizer application ranges. The results demonstrated 
that the W2F2 treatment provided the most effective synergistic enhancement in terms of growth, 
photosynthetic performance, yield, and quality. It also maintained high water use efficiency (WUE) 
and partial factor productivity of fertilizer (PFP), while effectively mitigating nitrate accumulation in 
deep soil layers. The CGI and CPI indices, developed through PCA, successfully quantified 
phenological growth and photosynthetic characteristics. Correlation analysis identified seven core 
parameters. Among these, IV-CPI showed the strongest correlation with yield, whereas II-CPI 
contributed notably to increasing single-fruit weight and reducing tannin content. Within the 
comprehensive evaluation system employing game theory-based combination weighting, yield was 
assigned the highest weight (0.215), and IV-CPI received the lowest (0.011). The TOPSIS-GRA model 
ranked W2F2 highest, with an optimal irrigation range of 5869.94–6519.81 m3·hm-2 and fertilizer 
application rate of 975.54–1107.49 kg·hm-2. The coupled TOPSIS-GRA model effectively balanced the 
objectives of high yield, superior quality, resource use efficiency, and environmental sustainability. 
It offers a solid theoretical basis and practical technical guidance for enhancing both the productivity 
and sustainability of walnut orchards under subsurface drip irrigation in the Southern Xinjiang 
region. 

Keywords: walnut; water and fertilizer interaction; TOPSIS-GRA; subsurface drip irrigation 
 

1. Introduction 

As a globally important woody oil crop and economic forest species, walnut nuts are rich in 
nutrients such as crude protein, crude fat, and soluble sugars, endowing the tree with both ecological 
and economic value [1]. Benefiting from its temperate continental climate and unique light and heat 
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resources, the Aksu region has become a major producing area of high-quality walnuts in China [2]. 
However, with an average annual precipitation of only 75.1–131.3 mm, aridity and water scarcity 
form a critical bottleneck restricting the scaled development of the walnut industry in this region [3]. 
As a core water-saving irrigation mode in arid areas, subsurface drip irrigation offers the advantages 
of reducing evaporative loss and enabling precise regulation of water and fertilizer conditions in the 
root zone [4]. The integration of this technology with scientific water and nutrient management is 
key to achieving the dual goals of enhancing quality and efficiency alongside water conservation and 
emission reduction in walnut cultivation. 

The interaction between water and fertilizer is a critical management practice for regulating fruit 
tree growth, directly influencing walnut growth patterns, final yield, and quality [5]. Crop yield and 
quality are the result of cumulative growth and developmental processes over time [6]. Studies show 
that implementing mild regulated deficit irrigation during the flowering and fruit-setting period can 
effectively curb excessive vegetative shoot growth, promote the development of reproductive organs, 
and subsequently increase fruit yield [7]. Further research by Zhang [8] indicates that increasing the 
water supply during the fruit expansion stage enhances leaf photosynthetic performance and has a 
positive impact on yield.Meanwhile, Du [9] elucidated the soil microbiological mechanisms through 
which fertilization improves walnut yield and quality.Therefore, a precise understanding of the 
relationship between key growth indicators in each phenological stage and the final yield and quality 
is fundamental to optimizing water and fertilizer management strategies.For comprehensive 
evaluation, the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) and Grey 
Relational Analysis (GRA) are widely used to identify optimal water and fertilizer regimens [10,11]. 
These methods are favored because they simultaneously measure the proximity to an ideal solution 
and account for dynamic trends.However, current research often relies on static measurements taken 
only at the end of the growth cycle, neglecting the foundational role of early-stage development in 
determining final outcomes [12]. Furthermore, there are significant limitations in the selection and 
integration of evaluation indicators [13]. The multitude of dynamic growth indicators across different 
phenological stages can lead to information overlap and distorted weighting if directly incorporated 
into an evaluation model, ultimately compromising the accuracy and scientific validity of the 
assessment. 

2. Materials and Methods 

2.1. Site Description 

The field experiment was conducted from March to September 2024 at the Arboriculture 
Experiment Base of Xinjiang Agricultural University, located at the Hongqipo Farm in Aksu 
Prefecture, Xinjiang (80°14’E, 41°16’N; altitude 1,133 m). See Figure 1 for the specific geographical 
location. The site is situated on the mid-southern foothills of the Tianshan Mountains, bordering 
Aksu City to the south and Wensu County to the west. The region experiences a typical temperate 
continental climate, characterized by an average annual solar radiation of 544.115–590.156 kJ/cm2, 
2,855–2,967 hours of sunshine per year, and a frost-free period of 205–219 days. The mean annual 
precipitation is 42.4–94.4 mm, the mean annual temperature is 11.2 °C, and the annual effective 
accumulated temperature is 3,950 °C. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2025 doi:10.20944/preprints202509.1158.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1158.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 30 

 

 

Figure 1. Geographical location of the test area. 

2.2. Experimental design 

The experiment utilized 16-year-old ‘Wen 185’ walnut trees, planted with a spacing of 3 m × 5 
m. The experimental plot was flat, and the trees exhibited uniform growth vigor. Based on local 
grower expertise, the growth cycle of the ‘Wen 185’ walnut in Aksu was divided into seven 
phenological stages: budburst, flowering and fruit set, fruit expansion, shell hardening, oil 
conversion, maturity, and leaf fall. The crop evapotranspiration (ETc, mm) for each irrigation cycle 
was calculated using data from the on-site weather station. The irrigation volume was then 
determined based on the calculated ETc. The water requirement for each growth stage was calculated 
as follows: 𝐸𝑇𝔠௜ = 𝐾𝔠௜ · 𝐸𝑇଴௜ （1） 
where ETci is the crop water requirement (mm) in time period i; ET0i is the reference 
evapotranspiration (mm) in time period i; and Kci is the crop coefficient for time period i. The Kci 
values for the walnut growth stages are as follows [14]: budburst, 1.05; flowering and fruit set, 1.15; 
fruit expansion, 1.18; shell hardening and oil conversion, 1.45; maturity, 1.18. 

Four irrigation levels were established: 75% ETc (W1), 100% ETc (W2), 125% ETc (W3), and 150% 
ETc (W4). Fertilization rates were determined based on local practices, using urea (N 46.4%), 
monoammonium phosphate (P 46%), and potassium sulfate (K 57%). Three fertilizer levels were 
applied at an N:P:K ratio of 9:8:10: N 270-P 240-K 300 kg·ha-1 (F1), N 360-P 320-K 400 kg·ha-1 (F2), and 
N 450-P 400-K 500 kg·ha-1 (F3). This resulted in a total of 12 treatments. The irrigation interval was 10 
days; the detailed irrigation and fertilization schedule is presented in Table 1. 

Table 1. Experimental design of the walnut irrigation and fertilization experiment. 

Experimental 

treatment 

Irrigation allowance/ 
（m3·hm-2） 

Irrigation quota/ 
（m3·hm-2） 

Fertilizer  
application amount/（kg·hm-2） 

N P2O5 K2O 

W1F1 75%ETc 3 993  270  240  300  

W2F1 100%ETc 5 328  270  240  300  

W3F1 125%ETc 6 656  270  240  300  

W4F1 150%ETc 6 985  270  240  300  

W1F2 75%ETc 3 993  360  320  400  

W2F2 100%ETc 5 328  360  320  400  
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W3F2 125%ETc 6 656  360  320  400  

W4F2 150%ETc 6 985  360  320  400  

W1F3 75%ETc 3 993  450  400  500  

W2F3 100%ETc 5 328  450  400  500  

W3F3 125%ETc 6 656  450  400  500  

W4F3 150%ETc 6 985  450  400  500  

For each treatment, three walnut trees with uniform growth, free from pests, diseases, frost 
damage, and with comparable trunk diameter and canopy size were selected as fixed sample trees, 
constituting three experimental replicates. A subsurface drip irrigation system was employed using 
Netafim’s anti-siphon DNCPI drip lines with a 16 mm diameter, 1 mm wall thickness, 50 cm emitter 
spacing, and a flow rate of 2 L/h. Two drip lines were installed per tree row, positioned 50 cm from 
the trees on each side and buried at a depth of 40 cm. A schematic diagram of the subsurface drip 
irrigation and fertigation system is shown in Figure 2. 

 

Figure 2. Subsurface drip irrigation system for walnut trees. 

2.3. Data Measurement and Method 

2.3.1. Measurement of Growth Indicators 

(1) New shoot growth (NSG). Four shoots were randomly selected and tagged in the east, south, 
west, and north directions of each sample tree. Their growth was measured every 10 days from April 
20 to August 31, 2024, using a measuring tape. (2) Leaf area index (LAI). A 180° circular fisheye 
camera was used to capture hemispherical images facing upwards under the canopy. Images were 
taken 50 cm from the trunk in the four cardinal directions (east, south, west, north) of each sample 
tree every 10 days from April 27 to August 31, 2024. The images were processed using the HemiView 
digital plant canopy analysis system to determine the leaf area index. (3) Fruit volume (FV). Fruit 
volume was measured using a digital vernier caliper with an accuracy of 0.01 mm. Starting 20 days 
after fruit set, three representative fruits were selected from each sample tree. Their vertical and 
horizontal diameters were measured periodically until no further size increase was observed. The 
volume was calculated using the formula for an ellipsoid. (4) Relative chlorophyll content (SPAD). 
Relative chlorophyll content was measured using a SPAD-502 meter (Konica Minolta, Japan). From 
each sample tree, four leaves with similar growth were randomly selected from the four cardinal 
directions and tagged as fixed samples. From April 27 to August 31, 2024, measurements were taken 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2025 doi:10.20944/preprints202509.1158.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1158.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 30 

 

every 10 days at three locations (base, middle, and tip) on each leaf, and the average value was 
calculated. 

2.3.2. Measurement of Photosynthetic Parameters 

Photosynthetic parameters were measured using a portable photosynthesis system (CIRAS-3, 
PP Systems, USA). Measurements were conducted on clear days during four key growth stages: 
flowering and fruit set, fruit expansion, shell hardening, and oil conversion. On each measurement 
day, data were collected from 10:00 to 20:00 at two-hour intervals. The parameters measured included 
the net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular 
CO2 concentration (Ci) of walnut leaves. 

2.3.3. Fruit Quality Indicators 

At maturity, walnut fruits were analyzed for their content of crude protein, crude fat, soluble 
sugars, starch, and tannins. The crude protein content was determined using the Kjeldahl method. 
Crude fat was measured by Soxhlet extraction. Soluble sugar content was quantified with the 
anthrone reagent method. Starch content was analyzed using enzymatic hydrolysis, and tannin 
content was determined by colorimetry. 

2.3.4. Yield Measurement 

At maturity, walnuts were harvested from three trees selected for each treatment. The total 
number of nuts collected from each tree was counted. From each tree’s harvest, 100 walnuts were 
randomly selected. These were sun-dried, their green husks were removed, and the kernel mass of 
each individual nut was measured using an electronic scale with an accuracy of 0.01 g. The average 
kernel mass from the 100 nuts was then used to calculate the total yield. 

2.3.5. Walnut Water Consumption 

Walnut water use was calculated by measuring soil moisture and effective rainfall across 
different growth stages. The calculation followed this formula: ET୲ = 10∑ 𝛾୨௡௝ୀଵ ൫𝜃௝ଵ − 𝜃௝ଶ൯ + 𝑀 + 𝑃଴ + 𝐾 （2） 
where ETt is the water use during a growth stage (mm); j is the number of a specific soil layer; n is 
the total number of soil layers; γj is the dry bulk density of the j-th soil layer (g/cm3); θj1 and θj2 are 
the soil water content at the beginning and end of the stage for the j-th layer, expressed as a 
percentage of dry soil weight; M is the amount of irrigation water applied during the period (mm); 
P0 is the effective rainfall during the period (mm); and K is the groundwater contribution during the 
period (mm). Due to the deep groundwater level in the study area, the value of K was considered 
zero. 

2.3.6. Efficiency Indicators 

Water use efficiency (WUE) was calculated as follows: 
 WUE=Y/ET （3） 

where Y is the walnut yield (kg·ha−1) and ET is the total water consumption during the growing 
season (m3·ha−1). 

Partial factor productivity (PFP) was calculated as follows: 
 PFP=Y/F （4） 

where F is the total amount of fertilizer applied during the walnut growing season (kg·ha−1). 

2.3.7. Soil Nitrate Nitrogen Residue 

At the end of the growing season, one sample tree was selected from each replicate for soil 
sampling. Using an 8-cm diameter auger, soil samples were collected at 50 cm from the tree trunk. 
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Sampling was conducted at 20 cm depth intervals to a total depth of 100 cm. After natural air-drying, 
the soil samples were passed through a 0.9 mm sieve. Soil nitrate nitrogen content was then 
determined using a high-precision multifunction analyzer (Model YT-TR60, China). 

2.3.8. Meteorological Data 

Meteorological parameters, including air temperature, solar radiation, rainfall, wind speed, and 
humidity, were automatically recorded throughout the walnut growing season using a WATCHDOG 
portable weather station. Measurements were taken at 30-minute intervals. The variations in air 
temperature, rainfall, and reference evapotranspiration ET0 during the 2024 growing season are 
shown in Figure 3. 

 

Figure 3. Meteorological data during the walnut growing season from 2024. 

2.4. Development of Comprehensive Growth Index (CGI) and Comprehensive Photosynthesis Index (CPI) 

To establish a scientific evaluation system for water and fertilizer management decisions, a 
Comprehensive Growth Index (CGI) and Comprehensive Photosynthesis Index (CPI) were 
developed by integrating multi-dimensional indicators across growth stages. Growth indicators 
(NSG, FV, SPAD, LAI) and photosynthetic parameters (Pn, Tr, Gs, Ci) were analyzed using principal 
component analysis (PCA) to construct these indices. Following the methodology of Sun et al. [15] 
for key indicator selection in apple orchard evaluations, the indicator with the highest absolute 
loading value in each principal component was identified as the primary factor. Indicators with 
loadings within 10% of this primary factor’s value were selected as key parameters [16]. When 
multiple key parameters were identified within a single principal component, those showing strong 
correlations were replaced by the parameter with the highest loading value, while uncorrelated 
parameters were retained. The computational procedure consisted of the following steps. 

(1) The values of key parameters in CGI and CPI were converted into scores using a sigmoid 
curve equation: 

 𝑆 = ୟቆଵାቀ ೣೣబቁ್ቇ （5） 

where S is the score of key parameters in the walnut CGI and CPI; a is the maximum score, set as 1 
in this study; x is the value of key parameters in CGI and CPI; x0 is the mean value of key parameters 
in CGI and CPI; b is the slope parameter of the equation. Two types of indicators were considered in 
the principal components: “more-is-better” and “less-is-better” indicators. Accordingly, b values of -
2.5 and 2.5 were assigned to “more-is-better” and “less-is-better” indicators, respectively. 

(2) Standardized CGI and CPI: 

 𝑊௜௝ = ௏೔൫∑ ௏೔೙భ ×௝൯ （6） 
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 𝑇 = ∑ 𝑊௜௝௡௜ୀଵ × 𝑆௜௝ （7） 

where i denotes the i-th principal component;j represents the j-th key parameter within the i-th 
principal component; n is the total number of principal components; Vi is the cumulative variance of 
the i-th principal component from the extracted loadings; Wij is the weight of the j-th key parameter 
in the i-th principal component; Sij is the score of the j-th key parameter in the i-th principal 
component; and T represents the standardized CGI and CPI values. 

2.5. Comprehensive Growth Evaluation of Subsurface Drip-Irrigated Walnuts Using TOPSIS-GRA 
Methodology 

A comprehensive evaluation system for walnut growth was established by integrating CGI and 
CPI indices that showed significant correlations with final yield and quality through correlation 
analysis. This system holistically considers the growth process, yield, fruit quality, efficiency, and soil 
environment. 

(1) Determination of Indicator Weights 
Subjective weights were determined using the Analytic Hierarchy Process (AHP). Pairwise 

comparisons of indicator importance (on a 1-9 scale) were conducted via questionnaires to construct 
judgment matrices. The consistency index (CI) was then calculated, and the corresponding average 
random consistency index (RI) was referenced to derive the consistency ratio (CR). A CR value of less 
than 0.1 was considered acceptable for matrix consistency; otherwise, the matrix required revision. 
Detailed calculation methods are described in the literature. Objective weights were calculated using 
the CRITIC method, which integrates the contrast intensity, conflict, and information content among 
indicators. Generally, indicators conveying greater information are assigned higher weights. The 
specific calculation procedure is available in the literature. A game theory-based combination 
weighting method was employed to optimize the coefficients of the linear combination of basic 
weights, thereby reconciling discrepancies between subjective and objective weights and reducing 
bias from any single method [17]. This approach synthesizes both subjective and objective 
information, mitigates the limitations of individual weighting methods, and enhances the scientific 
rigor and reliability of weight allocation. The calculation is expressed as follows: 

 Wj
*=∑ W1j

n
i=1 W2j

T  （8） 

where W1j denotes the subjective weight; W2j represents the objective weight; and WT2j is the transpose 
of the objective weight matrix. 

(2) Determining euclidean distance using the TOPSIS method 
The normalized matrix was derived from the original data matrix comprising m evaluation 

indicators and n evaluation objects, expressed as follows: 

 𝑍 = ሾ𝑧௜௝ሿ௡×௠ （9） 

The calculation formulas for the positive and negative ideal solution sets, denoted as 𝑍ା and 𝑍ି, are given below 

 𝑍ା = ሺ𝑧ଵା, 𝑧ଶା,⋯ , 𝑧௠ାሻ （10） 

 𝑍ି = ሺ𝑧ଵି , 𝑧ଶି ,⋯ , 𝑧௠ିሻ （11） 

where 𝑧௠ା  and 𝑧௠ି represent the maximum and minimum values, respectively, of each evaluation 
indicator in matrix Z. The weighted Euclidean distances from the i-th evaluation object (i=1, 2, ..., n) 
to the positive and negative ideal solutions (𝑌ା and 𝑌ି), denoted as 𝑅௜ା and 𝑅௜ା, are given by: 

 𝑅௜ା = ට∑ 𝑊௝∗௠௝ୀଵ ൫𝑍௝ା − 𝑧௜௝൯ଶ  （12） 

 𝑅௜ି = ට∑ 𝑊௝∗௠௝ୀଵ ൫Z௝ି − 𝑧௜௝൯ଶ  （13） 

(3) Determination of Grey Relational Degree Using the GRA Method 
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In the normalized matrix Z, the grey relational coefficients between each evaluation object and 
the positive ideal solution with respect to the m-th indicator, denoted as 𝑦௡௠ା  and y௡௠ି , are given by: 𝑦௡௠ା = ୫୧୬ ౤ ୫୧୬ౣ∣௭೘శି௭೙೘∣ାఘ୫ୟ୶ ೙ ୫ୟ୶೘ ∣௭೘శି௭೙೘∣∣௭೘శି௭೙೘∣ାఘ୫ୟ୶ ೙ ୫ୟ୶೘ ∣௭೘శି௭೙೘∣  （14） 

𝑦௡௠ି = ୫୧୬ ౤ ୫୧୬ౣ∣௭೘షି௭೙೘∣ାఘ୫ୟ୶ ೙ ୫ୟ୶೘ ∣௭೘షି௭೙೘∣∣௭೘షି௭೙೘∣ାఘ୫ୟ୶ ೙ ୫ୟ୶೘ ∣௭೘షି௭೙೘∣  （15） 

where 𝜌  is the distinguishing coefficient, typically set to 0.5. The grey relational degrees 
between the i-th (i=1, 2, ..., n) evaluation object and the positive/negative ideal solutions, denoted as 𝑌௜ା and 𝑌௜ି , were calculated as follows: 

 𝑌௜ା = ଵ௠∑ 𝑦௡௠ା௠௝ୀଵ   （16） 

 𝑌௜ି = ଵ௠∑ 𝑦௡௠ି௠௝ୀଵ   （17） 

The parameters 𝑅௜ା, 𝑅௜ି , 𝑌௜ା, and 𝑌௜ି  were normalized to dimensionless quantities, denoted as 𝑅௜∗ା, 𝑅௜∗ି, 𝑌௜∗ା, and 𝑌௜∗ି, using the following equations: 

 𝐺௜ = ௚୫ୟ୶೔ ௚ （18） 

where 𝐺௜  represents the normalized parameters 𝑅௜∗ା , 𝑅௜∗ି , 𝑌௜∗ା , and 𝑌௜∗ି , while g denotes the 
original parameters 𝑅௜ା, 𝑅௜ି , 𝑌௜ା, and 𝑌௜ି . 

(4) Comprehensive Evaluation Based on TOPSIS-GRA 
A more robust relative closeness measure, comprising both positive and negative ideal solutions 

and denoted as 𝑆௜ା and 𝑆௜ି [18], was established by integrating the normalized weighted Euclidean 
distances with the grey relational degrees through a weighted synthesis approach. The calculations 
are expressed as follows: 

 𝑆௜ା = 𝛼𝑅௜∗ି + (1 − 𝛼)𝑌௜∗ା （19） 

 𝑆௜ି = 𝛼𝑅௜∗ା + (1 − 𝛼)𝑌௜∗ି （20） 

where 𝛼 represents the decision-maker’s preference degree for position and shape, set to 0.5 in this 
study. Based on the relative closeness measure, comprehensive scores 𝐶௜  were calculated for 
different water and fertilizer treatments. These scores were then normalized to obtain standardized 
comprehensive scores 𝐶௜∗, as expressed in the following equation: 

 𝐶௜ = ௌ೔శௌ೔షାௌ೔శ （21） 

 𝐶௜∗ = ஼೔∑ ஼೔೙೔సభ  （22） 

2.6. Data processing 

Data were analyzed using SPSS 25 for analysis of variance (ANOVA), multiple comparisons, 
and PCA. Microsoft Excel was used for data sorting, organization, and preliminary analysis. 
Correlation analysis and graphing were performed using Origin 2021, while the binary quadratic 
regression model was solved using Matlab 2021b. 

3. Results 

3.1. Effects of Water and Fertilizer Interaction on Growth Indicators in Subsurface Drip-Irrigated Walnuts 

Walnut NSG, FV, LAI, and SPAD exhibited S-shaped growth patterns under all water and 
fertilizer treatments (Figure 4), though the response of these indicators to water and fertilizer 
regulation varied by growth stage. As shown in Figure 4a, NSG peaked during the fruit expansion 
stage. At this stage, the longest shoots were observed in the W4F3 treatment (18.3 cm), while the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2025 doi:10.20944/preprints202509.1158.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1158.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 30 

 

shortest were in W1F1 (11.7 cm). Compared to the flowering and fruit-setting stage, these values 
represented increases of 47.39% and 42.54%, respectively. By the maturity stage, shoot growth had 
ceased. The longest shoots remained under W4F3 (24.0 cm), and the shortest under W1F1 (18.2 
cm).Irrigation amount, fertilizer application rate, and their interaction did not significantly affect 
NSG over the entire growth season (P > 0.05). However, distinct trends were observed: under the F1 
and F2 fertilizer levels, NSG initially increased and then decreased with increasing irrigation, peaking 
in the W3F1 and W2F2 treatments (both 22.5 cm). Under the F3 fertilizer level, NSG continued to 
increase with irrigation, reaching its maximum in the W4F3 treatment. This indicates that increased 
irrigation can consistently promote new shoot growth under high fertilizer conditions. 

As shown in Figure 4b, FV increased continuously throughout the growth stages, with the most 
significant expansion occurring during the fruit expansion stage. A significant water-fertilizer 
interaction was observed during the flowering and fruit-setting stage, where under the F1 fertilizer 
level, the W2 irrigation treatment resulted in the highest FV (19.91 cm3). During the fruit expansion 
stage, irrigation volume became the dominant regulating factor. Under the same fertilizer level, the 
W3 irrigation treatment yielded the optimal FV, with values of 51.89, 53.06, and 49.25 cm3 for the 
W3F1, W3F2, and W3F3 treatments, respectively. From the shell hardening to maturity stages, the 
growth rate slowed. The W2F2 treatment produced the highest FV (58.35 cm3), which was 29.44% 
greater than that of the W1F1 treatment (41.17 cm3). No significant differences were observed among 
the irrigation treatments during this period (P > 0.05). 

As shown in Figure 4c, the leaf area index (LAI) was lowest during the flowering and fruit-
setting stage, increased to a peak at the shell hardening stage as the fruit developed, and subsequently 
declined in the later stages due to nutrient redistribution to the fruits. Except during the flowering 
and fruit-setting stage, the W3 irrigation treatment significantly enhanced LAI under the same 
fertilizer level. At the shell hardening stage, LAI values reached 2.73, 2.84, and 2.86 in the W3F1, 
W3F2, and W3F3 treatments, respectively. Excessive irrigation (W4) suppressed LAI, with the W4F1, 
W4F2, and W4F3 treatments showing reductions of 16.5%, 15.5%, and 14.3%, respectively, compared 
to their corresponding W3 treatments. Increased fertilizer rates significantly promoted LAI. During 
the fruit expansion stage, the F3 fertilizer treatments increased LAI by an average of 22.9% compared 
to the F1 level, and a significant water–fertilizer interaction was observed during this period. The 
W3F3 treatment achieved the highest LAI (2.53) and consistently maintained the best performance 
throughout the entire growth season. 

As shown in Figure 4d, the SPAD value followed a trend similar to that of LAI, peaking at the 
shell hardening stage and declining thereafter due to leaf senescence. Irrigation volume significantly 
affected SPAD values throughout the growing season. Under the F1 fertilizer level, the W3 treatment 
yielded the highest SPAD value (58.73). At the F2 and F3 fertilizer levels, the W2 treatment performed 
optimally, with SPAD values of 56.21 and 55.89 for W2F2 and W2F3, respectively. Both W1 (deficit) 
and W4 (excess) irrigation generally resulted in lower SPAD values, indicating that water stress in 
either form inhibited chlorophyll synthesis. Fertilizer amount had a significant impact only during 
the shell hardening stage, with the W3F1 treatment achieving the highest SPAD value (58.73). This 
treatment also maintained relatively high values in subsequent growth stages, highlighting the 
synergistic benefits of combining low fertilizer with medium irrigation in sustaining chlorophyll 
content. 
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Figure 4. Effects of water and fertilizer interaction on qalnut growth indicators at different growth stages. Note: 
W: irrigation amount; F: fertilizer application rate. For the same fertilizer level, different lowercase letters above 
bars indicate significant differences among irrigation treatments (P < 0.05), while the same letters indicate no 
significant difference (P > 0.05). *, **, and ns denote significant (P < 0.05), highly significant (P < 0.01), and non-
significant differences, respectively. Roman numerals I, II, III, and IV represent the walnut growth stages: 
flowering and fruit-setting, fruit expansion, shell hardening, and oil conversion stages. NSG: new shoot growth; 
FV: fruit volume; SPAD: relative chlorophyll content; LAI: leaf area index. The same applies to the following 
figures. 

3.2. Effects of Water and Fertilizer Interaction on Photosynthetic Indicators in Subsurface Drip-Irrigated 
Walnuts 

The Pn, Tr, and Gs of walnuts exhibited unimodal curves during the growth season, peaking at 
the shell hardening stage, while the Ci continued to decline (Figure 5). As shown in Figure 5a, 
irrigation, fertilization, and their interaction significantly affected Pn throughout the growth season. 
Pn peaks generally occurred during the shell hardening stage, with the W2 and W3 irrigation 
treatments performing optimally. The W2F2 and W3F2 treatments reached values of 19.68 and 19.52 
μmol·m-2·s-1, respectively. The fertilizer effect was dominated by the F3 level. During the shell 
hardening stage, the mean Pn under F3 fertilization was 18.60 μmol·m-2·s-1, higher than that under F1 
(17.61 μmol·m-2·s-1) and F2 (18.22 μmol·m-2·s-1). A significant water-fertilizer interaction was observed, 
with the W2F2 combination maintaining the highest Pn during the flowering and fruit-setting, shell 
hardening, and oil conversion stages, at 15.34, 19.68, and 18.85 μmol·m-2·s-1, respectively. 

As shown in Figure 5b, irrigation volume had a highly significant effect on Tr throughout the 
entire growth season. The Tr values also peaked during the shell hardening stage, with the W2 and 
W3 irrigation treatments performing best. The W2F2 and W3F2 treatments reached 9.56 and 9.75 
mmol·m-2·s-1, respectively, representing increases of 12.3% to 14.1% compared to the W1 treatment 
(8.38 mmol·m-2·s-1). Under the F3 fertilizer level, Tr initially increased and then decreased with 
increasing irrigation, reaching a maximum of 9.42 mmol·m-2·s-1 in the W2F3 treatment and declining 
to 7.21 mmol·m-2·s-1 in W4F3. This indicates that moderate irrigation is more favorable for maintaining 
transpiration efficiency under high fertilizer conditions. Fertilizer application rate had a significant 
influence on Tr from the flowering and fruit-setting stage to the shell hardening stage. The mean Tr 
under the F2 fertilizer level was 8.73 mmol·m-2·s-1, which was higher than that under F1 (7.98 mmol·m-

2·s-1) and F3 (8.21 mmol·m-2·s-1). 
As shown in Figure 5c, irrigation volume and water-fertilizer interaction significantly affected 

Gs throughout the growth season. The variation pattern of Gs was consistent with those of Pn and 
Tr. During the shell hardening stage, the W3 irrigation treatment yielded the highest Gs, with the 
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W3F2 treatment reaching 451.38 mmol·m-2·s-1. During the flowering and fruit-setting and oil 
conversion stages, the W2F2 treatment was optimal, with values of 296.57 and 406.74 mmol·m-2·s-1, 
respectively. 

As shown in Figure 5d, irrigation volume had a significant effect on Ci only during the shell 
hardening stage. The mean Ci under the W3 irrigation treatment (258.13 μmol·mol-1) was higher than 
that under W1 (251.87 μmol·mol-1). Fertilizer application rate showed a significant effect only during 
the fruit expansion stage, with the mean Ci under the F3 fertilizer level (271.98 μmol·mol-1) exceeding 
that under F1 (266.02 μmol·mol-1). A significant water–fertilizer interaction was observed during both 
the fruit expansion and shell hardening stages. At the fruit expansion stage, the W1F3 treatment 
resulted in the maximum Ci value (276.39 μmol·mol-1), while W1F1 yielded the minimum (259.85 
μmol·mol-1). During the shell hardening stage, the W2F2 treatment was the optimal combination 
(258.85 μmol·mol-1), showing a 5.4% increase compared to the minimum treatment, W1F1 (244.99 
μmol·mol-1). 

 

Figure 5. Effects of water and fertilizer interaction on photosynthetic indicators of walnut at different growth 
stages. Note: Pn: net photosynthetic rate; Tr: transpiration rate; Ci: intercellular CO2 concentration; Gs: stomatal 
conductance. The same abbreviations are used in the following figures. 

3.3. Effects of Water and Fertilizer Interaction on Fruit Quality in Subsurface Drip-Irrigated Walnuts 

As shown in Table 2, irrigation, fertilization, and their interaction significantly regulated walnut 
fruit quality. Under the F1 and F2 fertilizer levels, crude protein content initially increased and then 
decreased with increasing irrigation, peaking under the W2 treatment. The W2F1 and W2F2 
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treatments reached 205.47 and 238.64 g·kg-1, respectively. In contrast, under the F3 fertilizer level, 
crude protein content increased continuously with irrigation, reaching 241.72 g·kg-1 in the W4F3 
treatment—an increase of 11.4% compared to the W1F3 treatment (214.21 g·kg-1). 

Crude fat content exhibited a unimodal trend with increasing irrigation under the same fertilizer 
level. Peaks occurred under the W3, W2, and W2 irrigation treatments for the F1, F2, and F3 levels, 
respectively, with values of 16.05, 13.51, and 16.73 g·kg-1 for the W3F1, W2F2, and W2F3 treatments. 
Crude fat generally decreased under W4 irrigation. Under the F3 fertilizer level, the W4F3 treatment 
declined to 12.02 g·kg-1, lower than most low-fertilizer treatments, indicating that high water and high 
fertilizer conditions are unfavorable for crude fat accumulation. 

Soluble sugar content continuously decreased with increasing irrigation under the F1 fertilizer 
level, with the highest value in the W1F1 treatment (23.52 g·kg-1) and the lowest in the W4F1 treatment 
(17.57 g·kg-1). Under the F2 and F3 fertilizer levels, soluble sugar showed unimodal trends, peaking 
in the W2F2 and W3F3 treatments at 25.54 and 27.86 g·kg-1, respectively. 

Starch content exhibited varying trends under different fertilizer levels. Under the F1 level, it 
continuously decreased with increasing irrigation, peaking in the W1F1 treatment at 12.40 g·kg-1. 
Under the F2 level, starch content initially decreased and then increased, reaching its maximum value 
among all treatments in the W4F2 treatment at 13.29 g·kg-1. Under the F3 level, starch content showed 
a continuous increasing trend with irrigation, with the W4F3 treatment reaching 11.53 g·kg-1. 

Tannin content exhibited distinct trends under different fertilizer levels. Under the F1 level, it 
showed a significant decreasing trend with increasing irrigation, reaching the lowest value of 13.03 
g·kg-1 in the W4F1 treatment. Under the F2 level, tannin content first decreased and then increased 
with irrigation, reaching its lowest point (10.35 g·kg-1) in the W2F2 treatment. Under the F3 level, 
tannin content fluctuated with increasing irrigation, with the W3F3 treatment yielding the minimum 
value of 9.35 g·kg-1—a reduction of 42.0% compared to the maximum value under the same fertilizer 
level (W2F3 treatment, 16.11 g·kg-1). 

Table 2. This is a table. Tables should be placed in the main text near to the first time they are cited. 

Irrigation 

treatment 

Fertilization 

treatment 

Crude protein 

/(g·kg-1) 

Crude fat 

/(g·kg-1) 

Soluble sugar 

/(g·kg-1) 

Starch 

/(g·kg-1) 

Tannin 

/(g·kg-1) 

F1 

W1 183.79±2.73d 8.40±1.14c 23.52±1.06a 12.40±0.45a 20.47±0.73a 

W2 205.47±2.61a 10.08±1.07bc 18.69±1.16b 10.94±0.31b 16.06±0.93b 

W3 196.33±2.81b 16.05±1.48a 17.40±1.18b 5.43±0.49d 15.59±0.96b 

W4 189.19±2.64c 11.16±1.19b 17.57±1.15b 9.97±0.51c 13.03±0.74c 

F2 

W1 222.03±2.95b 12.48±1.40a 25.04±1.34a 8.36±0.32b 11.73±0.68b 

W2 238.64±2.54a 13.51±1.21a 25.54±1.07a 7.54±0.23c 10.35±0.82c 

W3 214.76±3.00c 12.51±1.37a 24.19±1.38a 8.38±0.43b 14.50±0.68a 

W4 193.02±2.86d 9.40±1.11b 17.26±1.06b 13.29±0.28a 15.04±0.67a 

F3 

W1 214.21±2.78b 15.15±1.22ab 14.47±1.21d 8.68±0.31b 15.86±0.55a 

W2 219.44±2.60b 16.73±1.28a 21.43±1.03c 8.57±0.42b 16.11±0.72a 

W3 240.44±3.01a 14.29±1.22bc 27.86±1.15a 11.45±0.21a 9.35±0.53c 

W4 241.72±2.85a 12.02±1.20c 24.74±1.33b 11.53±0.50a 14.51±0.73b 

F 

W 57.82** 13.32** 12.49** 40.02** 23.48** 

F 498.74** 21.50** 32.30** 186.52** 65.57** 

W×F 96.29** 10.55** 54.13** 52.67** 55.32** 

Note: For the same fertilizer level, different lowercase letters indicate significant differences among irrigation 
treatments (P < 0.05), while the same letters indicate no significant difference (P > 0.05). *, **, and ns denote 
significant (P < 0.05), highly significant (P < 0.01), and non-significant differences, respectively. The same 
conventions apply to the following tables. 
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3.4. Effects of Water and Fertilizer Interaction on Yield Components, Water Use Efficiency, and Partial 
Factor Productivity of Fertilizer in Subsurface Drip-Irrigated Walnuts 

As shown in Table 3, irrigation and fertilization significantly regulated walnut yield, single fruit 
weight, WUE, and PFP. Their interaction significantly affected single fruit weight and WUE.Under 
the F1 fertilizer level, yield increased continuously with irrigation, reaching 3223.42 kg·ha-1 in the 
W4F1 treatment. Under the F2 and F3 levels, yield showed unimodal trends, both peaking under W2 
irrigation. The W2F2 treatment achieved the highest yield (3801.40 kg·ha-1), followed by W2F3 
(3708.15 kg·ha-1). Yield decreased significantly under W4 irrigation, with the W4F2 treatment 
showing a 13.5% reduction compared to W2F2. 

Under the F1 fertilizer level, WUE initially increased and then stabilized with increasing 
irrigation, rising from 0.75 kg·m-3 in W1 to 0.89 kg·m-3 in W2. Under the F2 level, WUE decreased 
continuously and significantly with irrigation, highest at W1 (0.92 kg·m-3) and declining to 0.68 kg·m-

3 at W4. Similarly, under the F3 level, WUE decreased significantly with increasing irrigation, highest 
at W1 (0.82 kg·m-3) and lowest at W4 (0.53 kg·m-3). Notably, the highest-yielding combination (W2F2) 
had a WUE of 0.86, which was not the highest value. Conversely, the combination with the highest 
WUE (W1F2) yielded 3113.77 kg·ha-1, significantly lower than the high-yield combination. This 
indicates a trade-off between yield and efficiency objectives. 

Under the F1 fertilizer level, PFP increased continuously with irrigation, peaking at 3.98 in the 
W4F1 treatment. Under the F2 level, PFP showed a unimodal trend, reaching a maximum of 3.52 at 
W2 and declining significantly to 3.04 at W4. Under the F3 level, PFP was generally low and exhibited 
an initial increase followed by a decrease with irrigation, peaking at 2.75 under W2 irrigation. Further 
increases to W3 and W4 resulted in slight declines, stabilizing around 2.46 and 2.43. It is noteworthy 
that even the peak value of 2.75 was lower than the PFP of most F1 or F2 treatments across irrigation 
levels. These results indicate that high fertilizer input inherently leads to lower PFP, and irrigation 
management has a limited ability to improve it, with only slight optimization observed under W2 
conditions. 

Under the F1 fertilizer level, single fruit weight initially increased and then stabilized with 
irrigation, reaching a maximum of 10.87 g at W2. Under the F2 and F3 levels, single fruit weight 
exhibited unimodal curves, both peaking at W2 irrigation. The W2F2 treatment yielded the highest 
value (11.73 g), followed by W2F3 (11.64 g). Notably, under the F3 fertilizer level, single fruit weights 
under W3 and W4 irrigation were even lower than those in most low-fertilizer treatments. This 
indicates that under high fertilizer input, maintaining medium irrigation (W2) is crucial for achieving 
larger fruits, while further increasing irrigation leads to smaller fruits. 

Table 3. Effects of water and fertilizer interaction on yield components, water use efficiency, and partial factor 
productivity of fertilizer. 

Irrigation 

treatment 

Fertilization 

treatment 

Yield 

/kg·hm-2 

Water use 

efficiency/kg·m-3 

Partial fertilizer 

productivity 

Single fruit 

weight/g 

F1 

W1 2776.23±248.23b 0.75±0.08b 3.43±0.31b 7.94±0.71b 

W2 3163.21±146.06a 0.89±0.02a 3.91±0.18a 10.87±0.19a 

W3 3205.16±95.34a 0.89±0.03a 3.96±0.12a 10.28±0.26a 

W4 3223.42±222.94a 0.88±0.06a 3.98±0.28a 10.79±0.9a 

F2 

W1 3113.77±193.53b 0.92±0.06a 2.88±0.18b 10.32±0.73b 

W2 3801.4±51.56a 0.86±0.04ab 3.52±0.05a 11.73±0.12a 

W3 3796.44±303.76a 0.8±0.07b 3.52±0.28a 11.56±0.41a 

W4 3287.71±218.64b 0.68±0.05c 3.04±0.2b 10.91±0.44ab 

F3 
W1 3012.84±123.16b 0.82±0.03a 2.23±0.09b 10.4±0.41ab 

W2 3708.15±460.05a 0.74±0.08a 2.75±0.34a 11.64±1.38a 
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W3 3325.78±228.47ab 0.59±0.03b 2.46±0.17ab 9.31±0.6b 

W4 3279.75±151.21ab 0.53±0.03b 2.43±0.11ab 9.64±0.81b 

F 

W 11.43** 13.94** 11.63** 11.52** 

F 9.70** 39.88** 123.19** 9.79** 

W×F 1.53  11.01** 1.58  5.46** 

3.5. Effects of Water and Fertilizer Interaction on Soil Nitrate Nitrogen Residue in Subsurface Drip-Irrigated 
Walnuts 

As shown in Figure 6, the nitrate nitrogen (NO3−-N) residue in the 0-100 cm soil layer under 
different water and fertilizer treatments exhibited significant spatial heterogeneity. It was primarily 
regulated by irrigation and fertilization amounts, with no significant interactive effect observed. The 
mean NO3−-N residues in the 0-20, 20-40, 40-60, 60-80, and 80-100 cm soil layers were 11.33, 8.86, 11.21, 
12.00, and 11.77 mg·kg-1, respectively. The highest residue was generally found in the 60-80 cm layer, 
which was 26.2% higher than the lowest residue in the 20-40 cm layer, indicating a risk of systemic 
leaching into deeper soil layers.Under the same fertilizer level, soil NO3−-N content generally 
decreased with increasing irrigation. Although a slight increase was observed in the W3F1 treatment 
under the F1 fertilizer level, the highest and lowest values consistently occurred under the W1 and 
W4 irrigation treatments, respectively. Notably, under the F3 fertilizer level, no significant differences 
in NO3−-N content were observed among irrigation treatments (P > 0.05), indicating that the 
regulatory effect of irrigation on NO3−-N residue diminishes under excessive fertilizer 
application.Furthermore, all treatments under F3 showed higher NO3−-N content than those under 
F1 and F2 fertilizer levels across irrigation regimes. This further demonstrates that excessive 
fertilization is the primary driver of soil NO3−-N accumulation, highlighting the need for coordinated 
optimization of water and fertilizer management to mitigate environmental risks. 

 

Figure 6. Effects of water and fertilizer interaction on soil nitrate nitrogen residue in walnuts. 

3.6. Effects of the Comprehensive Growth Index (CGI) and Comprehensive Photosynthesis Index (CPI) on 
Yield and Quality Across Walnut Growth Stages 

To establish a scientific evaluation system for water and fertilizer decision-making, a CGI and 
CPI were developed by integrating multi-dimensional indicators across growth stages, aiming to 
extract core physiological growth traits. Subsequently, correlation analysis was employed to reveal 
the relationships between CGI, CPI, and yield and quality, thereby identifying key input variables 
for the subsequent TOPSIS-GRA coupled model. Walnut growth indicators (NSG, FV, SPAD, LAI) 
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and photosynthetic parameters (Pn, Tr, Gs, Ci) were used as analytical metrics, and principal 
component analysis was applied to construct the CGI and CPI. As shown in Figure 7a, during the 
flowering and fruit-setting stage, NSG showed significant correlations with all growth indicators, 
with the strongest correlation to SPAD (r=0.62). LAI was significantly correlated with all 
photosynthetic parameters, most strongly with Ci (r=0.60). Except for FV, Ci was significantly 
correlated with all growth indicators. Additionally, all photosynthetic parameters were significantly 
interrelated during this stage. During the fruit expansion stage (Figure 7b), significant correlations 
persisted among photosynthetic parameters, except between Pn and Ci. The correlation between NSG 
and LAI decreased, while correlations among other growth indicators increased compared to the 
flowering and fruit-setting stage. FV showed stronger correlations with photosynthetic parameters 
during this period, with the highest correlation to Tr (r=0.59). In the shell hardening stage (Figure 7c), 
significant correlations were observed between all growth and photosynthetic indicators, except 
between NSG and Pn. During the oil conversion stage (Figure 7d), the correlation between NSG and 
photosynthetic parameters further weakened, remaining significant only with Tr and Gs. The 
correlation between FV and Ci also decreased compared to the shell hardening stage. 

 
Figure 7. Correlations between growth and photosynthetic indicators across different walnut growth stages. 
Note: * and ** indicate significant (P < 0.05) and highly significant (P < 0.01) correlations, respectively. 

As shown in Table 4, principal component analysis revealed three principal components for the 
CGI across all walnut growth stages. During the flowering and fruit-setting stage, the key attribute 
indicators for the three principal components were SPAD, FV, and LAI, with variance contributions 
of 39.51%, 26.26%, and 25.68%, respectively. During the fruit expansion stage, in the first principal 
component, NSG had the highest loading value (0.90), while FV’s loading value (0.84) exceeded 90% 
of 0.90. However, since FV showed significant correlation with NSG during this stage, NSG was 
selected as the key attribute indicator for the first principal component, which explained 43.62% of 
the variance. The key indicators for the second and third principal components were LAI and SPAD, 
with variance contributions of 26.91% and 23.81%, respectively. During the shell hardening stage, the 
key attribute indicators for the three principal components were SPAD, FV, and LAI, with variance 
contributions of 33.79%, 32.80%, and 26.46%, respectively. In the oil conversion stage, the key 
attribute indicators for the three principal components were NSG, SPAD, and LAI, accounting for 
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35.19%, 33.11%, and 26.78% of the variance, respectively. The unstandardized CGI was calculated by 
combining the key attribute indicators and their variance contributions from the three principal 
components. Using the flowering and fruit-setting stage as an example, the unstandardized CGI was 
computed as: CGI = 0.395 × SPAD + 0.263 × FV + 0.257 × LAI. The standardized CGI, weighted by 
variance contributions, was calculated as: CGI = 0.432 × SPAD + 0.287 × FV + 0.281 × LAI. The 
standardized CGI values for each growth stage are presented in Table 4. 

Table 4. Construction of the comprehensive growth index (CGI) for walnuts using principal component analysis. 

Growth 
stage 

Principal 
component 

Variance 
Contribution 

rate 
NSG FV SPAD LAI 

I 
PC1 39.51  39.51  0.82  0.14  0.93  0.17  
PC2 26.26  65.77  0.29  0.98  0.01  0.06  
PC3 25.68  91.45  0.24  0.06  0.07  0.98  

II 
PC1 43.62  43.62  0.90  0.84  0.46  0.16  
PC2 26.91  70.52  0.08  0.27  0.25  0.97  
PC3 23.81  94.33  0.30  0.33  0.85  0.18  

III 
PC1 33.79  33.79  0.62  0.30  0.92  0.19  
PC2 32.80  66.60  0.62  0.89  0.28  0.24  
PC3 26.46  93.05  0.24  0.25  0.18  0.95  

IV 

PC1 35.19  35.19  0.88  0.66  0.41  0.19  

PC2 33.11  68.30  0.39  0.61  0.88  0.16  

PC3 26.78  95.08  0.21  0.25  0.17  0.97  
I-CGI CGI=0.432×SPAD+0.287×FV+0.281×LAI 
II-CGI CGI=0.462×NSG+0.285×LAI+0.252×SPAD 
III-CGI CGI=0.363×SPAD+0.353×FV+0.284×LAI 
IV-CGI CGI=0.370×NSG+0.348×SPAD+0.282×LAI 

Note: Roman numerals I, II, III, and IV represent the walnut growth stages: flowering and fruit-setting, fruit 
expansion, shell hardening, and oil conversion stages. NSG: new shoot growth; FV: fruit volume; SPAD: relative 
chlorophyll content; LAI: leaf area index; CGI: comprehensive growth index. The same conventions apply to the 
following tables. 

As shown in Table 5, principal component analysis indicated two principal components for the 
CPI across all walnut growth stages. During the flowering and fruit-setting stage, Pn had the highest 
loading (0.98) in the first principal component. Although the loading values of Tr (0.88) and Gs (0.90) 
both exceeded 90% of 0.98, Pn showed significant correlations with both Tr and Gs during this stage. 
Therefore, Pn was selected as the key attribute indicator for the first principal component, which 
accounted for 70.46% of the variance. Ci was identified as the key indicator for the second principal 
component, explaining 28.60% of the variance. During the fruit expansion stage, the key attribute 
indicators for the two principal components were Pn and Ci, with variance contributions of 57.35% 
and 31.39%, respectively. In the shell hardening stage, Pn showed the highest loading (0.96) in the 
first principal component. Although Gs’s loading value (0.87) exceeded 90% of 0.96, the significant 
correlation between Pn and Gs led to the selection of Pn as the key attribute indicator for the first 
principal component, accounting for 62.93% of the variance. Ci served as the key indicator for the 
second principal component, explaining 35.29% of the variance. During the oil conversion stage, Pn 
again demonstrated the highest loading (0.97) in the first principal component. While the loading 
values of Tr (0.88) and Gs (0.90) both surpassed 90% of 0.97, the significant correlations between Pn 
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and these parameters resulted in Pn being chosen as the key indicator for the first principal 
component, contributing to 65.30% of the variance. Ci was selected as the key indicator for the second 
principal component, accounting for 32.12% of the variance. The standardized CPI values for each 
growth stage are presented in Table 5. 

Table 5. Construction of the comprehensive photosynthetic index (CPI) for walnuts using principal component 
analysis. 

Growth stage Principal component Variance Contribution rate Pn Tr Gs Ci 

I 
PC1 70.46  70.46  0.98  0.94  0.97  0.24  
PC2 28.60  99.07  0.17  0.34  0.23  0.97  

II 
PC1 57.35  57.35  0.95  0.81  0.84  0.21  
PC2 31.39  88.74  0.11  0.22  0.49  0.98  

III 
PC1 62.93  62.93  0.96  0.85  0.87  0.34  

PC2 35.29  98.22  0.25  0.51  0.45  0.94  

IV 
PC1 65.30  65.30  0.97  0.88  0.90  0.28  
PC2 32.12  97.42  0.16  0.43  0.40  0.96  

I-CPI CPI=0.711×Pn+0.289×Ci 
II-CPI CPI=0.646×Pn+0.354×Ci 
III-CPI CPI=0.641×Pn+0.359×Ci 
IV-CPI CPI=0.670×Pn+0.330×Ci 

Note: Pn: net photosynthetic rate; Tr: transpiration rate; Ci: intercellular CO2 concentration; Gs: stomatal 
conductance; CPI: comprehensive photosynthesis index. 

To establish a comprehensive evaluation system for walnut growth across the entire growth 
cycle, Pearson correlation analysis was conducted between the previously developed CGI and CPI 
indices for each growth stage and the yield components and fruit quality indicators (Figure 8). The 
results showed that IV-CPI had the strongest promoting effect on yield, with a correlation coefficient 
r of 0.780. III-CGI and III-CPI also showed significant positive effects on yield, with correlation 
coefficients of 0.727 and 0.725, respectively. Regarding single fruit weight regulation, IV-CPI (r=0.654) 
and II-CPI (r=0.607) showed the most substantial contributions. Correlation analysis with quality 
indicators revealed that I-CPI showed a strong positive correlation with crude protein content 
(r=0.732), while III-CPI also significantly increased crude protein content (r=0.667). Both II-CPI (r=-
0.628) and III-CPI (r=-0.585) demonstrated significant inhibitory effects on tannin content. Seven core 
parameters were identified through comprehensive screening: I-CPI, II-CGI, II-CPI, III-CGI, III-CPI, 
IV-CGI, and IV-CPI. Among these, IV-CPI showed the strongest positive effect on yield, while II-CPI 
demonstrated the best regulatory potential for increasing single fruit weight and reducing tannin 
content. These indices were systematically integrated as key growth and photosynthetic indicators 
into a comprehensive evaluation model for walnut growth across the entire growth cycle. 
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Figure 8. Correlations between the CGI and CPI with yield components and fruit quality across walnut growth 
stages. 

3.7. Comprehensive Growth Evaluation of Subsurface Drip-Irrigated Walnuts Based on TOPSIS-GRA 
Coupled Model 

To investigate the comprehensive growth status of subsurface drip-irrigated walnuts under 
water and fertilizer interaction and develop optimal water and fertilizer management strategies for 
southern Xinjiang, a full-growth-period comprehensive evaluation system was established. This 
system comprises six dimensions: growth factor, photosynthetic factor, quality factor, yield factor, 
efficiency factor, and environmental factor, structured into objective, factors, and subfactors layers 
(Figure 9). 

 
Figure 9. Comprehensive growth evaluation system for subsurface drip-irrigation over the entire growth period 
of walnut. Note: A: comprehensive growth evaluation system for subsurface drip-irrigation over the entire 
growth period of walnut; B1: growth factor; B2: photosynthetic factor; B3: quality factor; B4: yield factor; B5: 
efficiency factor B6: environmental factor. 

3.7.1. Determination of Indicator Weights in the Comprehensive Evaluation System for Walnut 
Growth Stages 

The weights of indicators at all levels in the walnut evaluation system, calculated using the AHP, 
CRITIC, and game theory combination weighting methods, are presented in Table 6. The subjective 
weights determined by the AHP method showed that the consistency ratio (CR) for both the target 
and criterion layers was less than 0.1. At the target layer, yield indicators had the highest subjective 
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weight (0.352), followed by efficiency and quality indicators, while environmental indicators had the 
lowest weight (0.061). At the criterion layer, yield received the highest subjective weight (0.235), 
followed by WUE (0.140), and IV-CPI had the lowest weight (0.009).The objective weights calculated 
using the CRITIC method indicated that PFP and WUE had relatively higher weights (0.098 and 0.094, 
respectively), while II-CPI and IV-CPI had lower objective weights (both 0.038). The combined 
weights derived from the game theory combination weighting method showed that yield had the 
highest combined weight (0.215), followed by WUE (0.136), while IV-CPI had the lowest combined 
weight (0.011). 

Table 6. Weights of indicators in the comprehensive evaluation system during walnut growth period. 

 
Consistency test  

parameter 
Local  

weights 
Subjective  

weight 
Objective  

weight 
Combination  

weight 

A CR=0.034＜0.1 

0.075  0.075  

— — 

0.108  0.108  
0.193  0.193  
0.352  0.352  
0.211  0.211  
0.061  0.061  

B1 CR=0.051＜0.1 
0.159  0.012  0.052  0.016  
0.589  0.044  0.046  0.045  
0.252  0.019  0.048  0.022  

B2 CR=0.012＜0.1 

0.229  0.025  0.049  0.027  
0.137  0.015  0.038  0.017  
0.556  0.060  0.040  0.058  
0.079  0.009  0.038  0.011  

B3 CR=0.017＜0.1 

0.219  0.042  0.069  0.045  
0.109  0.021  0.063  0.025  
0.190  0.037  0.078  0.041  
0.190  0.037  0.059  0.039  
0.291  0.056  0.047  0.055  

B4 CR=0.000＜0.1 
0.667  0.235  0.045  0.215  
0.333  0.117  0.051  0.111  

B5 CR=0.000＜0.1 
0.667  0.140  0.094  0.136  
0.333  0.070  0.098  0.073  

B6 CR=0.000＜0.1 1.000  0.061  0.088  0.064  

3.7.2. Comprehensive Growth Assessment of Subsurface Drip-Irrigated Walnuts Using the TOPSIS-
GRA Method 

The Euclidean distances to the positive and negative ideal solutions (Ri+ and Ri-) for different 
water and fertilizer treatments, determined by TOPSIS, were as follows: Ri+={0.101, 0.081, 0.091, 0.103, 
0.074, 0.050, 0.062, 0.093, 0.115, 0.080, 0.066, 0.066} and Ri={0.059, 0.079, 0.082, 0.056, 0.082, 0.106, 0.091, 
0.062, 0.049, 0.085, 0.100, 0.092}. The grey relational degrees to the positive and negative ideal 
solutions (Yi+ and Yi

－), determined by GRA, were: Yi+={0.693, 0.808, 0.848, 0.767, 0.743, 0.892, 0.842, 
0.721, 0.626, 0.772, 0.861, 0.775} and Yi

－={0.848, 0.718, 0.720, 0.770, 0.763, 0.645, 0.674, 0.802, 0.963, 0.756, 
0.696, 0.754}. Based on these results, the compound proximity degrees (Si+ and Si

－) were constructed 
through weighted synthesis: Si+={0.667, 0.826, 0.862, 0.694, 0.803, 1.000, 0.901, 0.696, 0.582, 0.834, 0.954, 
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0.868} and Si
－={0.879, 0.725, 0.769, 0.848, 0.718, 0.552, 0.619, 0.821, 1.000, 0.740, 0.648, 0.700}. The 

comprehensive scores and rankings based on the TOPSIS and TOPSIS-GRA evaluation models are 
presented in Table 7. The W2F2 treatment ranked first in both the standalone TOPSIS and the 
integrated TOPSIS-GRA models, while the W1F1 treatment received the lowest scores in both 
methods. The maximum ranking difference between the two evaluation methods was 3 positions. 
Therefore, the TOPSIS-GRA coupled model can be effectively used to evaluate the comprehensive 
growth status of subsurface drip-irrigated walnuts. 

Table 7. Comprehensive growth evaluation of walnut based on TOPSIS and TOPSIS-GRA. 

Treatment 
TOPSIS TOPSIS-GRA 

Score Rank Score Rank 

W1F3 0.369 10 0.069  11 
W2F3 0.493 7 0.086  5 
W3F3 0.471 8 0.085  7 
W4F3 0.354 11 0.073  10 
W1F2 0.526 5 0.085  8 
W2F2 0.679 1 0.104  1 
W3F2 0.596 3 0.095  3 
W4F2 0.403 9 0.074 9 
W1F1 0.301 12 0.059  12 
W2F1 0.516 6 0.085  6 
W3F1 0.605 2 0.096  2 

W4F1 0.565 4 0.089  4 

3.8. Water and Fertilizer Regulation Model for Subsurface Drip-Irrigated Walnuts Based on Comprehensive 
Evaluation 

A binary quadratic regression model was developed to fit the comprehensive scores under 
different water and fertilizer combinations. The regression model of comprehensive score versus 
water and fertilizer application amount showed a coefficient of determination (R2) of 0.82. The model 
is expressed as follows: 

 𝐹 = −0.0118𝑥1
2 − 0.0069𝑥2

2 − 0.0047𝑥1𝑥2 + 0.0026𝑥1 − 0.0018𝑥2 + 0.1003 （23） 

where F represents the comprehensive evaluation score, and x1 and x2 are the standardized coded 
values for irrigation amount and fertilizer application rate, respectively. 

3.8.1. Analysis of Univariate and Marginal Effects of Water and Fertilizer 

To investigate the individual effects of water and fertilizer on the comprehensive evaluation 
score of walnuts, dimensionality reduction and elimination were applied to Equation (23). This 
yielded univariate effect models for irrigation amount and fertilizer application rate on the 
comprehensive evaluation score, as follows: 

 𝐹ଵ = −0.0118𝑥ଵଶ + 0.0026𝑥ଵ + 0.1003 （24） 

 𝐹ଶ = −0.0069𝑥ଶଶ − 0.0018𝑥ଶ + 0.1003 （25） 

where F1 and F2 represent the univariate effect functions of the comprehensive evaluation score with 
respect to irrigation amount and fertilizer application rate, respectively. 

The effects of irrigation amount and fertilizer application rate on the comprehensive evaluation 
score are shown in Figure 10. Both univariate effect functions exhibited downward-opening parabolic 
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curves. As irrigation and fertilizer application increased, the comprehensive score first increased and 
then decreased. The maximum comprehensive score was achieved at x1=0.110 and x2=-0.130. 

 

Figure 10. Effects of water and fertilizer single factors on the comprehensive score of walnut. 

3.8.2. Optimal Water and Fertilizer Application Rates for Comprehensive Growth of Subsurface 
Drip-Irrigated Walnuts 

Optimization of the regression model was performed using MATLAB to determine the optimal 
water and fertilizer application rates, with the results shown in Figure 11. The function exhibited a 
downward-opening convex parabolic surface, indicating the existence of an optimal solution within 
the model. The comprehensive evaluation score of walnuts increased with higher water and fertilizer 
application rates up to a certain point, beyond which it began to decline. The maximum 
comprehensive score (F=0.1006) was achieved at coded values of (0.146, -0.181) for water and 
fertilizer, respectively. These coded values corresponded to an irrigation amount of 6218.80 m3·ha-1 
and a fertilizer application rate of 1038.32 kg·ha-1. For comprehensive scores ranging from 0.10 to 0.11, 
the optimal application intervals were 5869.94–6519.81 m3·ha-1 for irrigation and 975.54–1107.49 kg·ha-

1 for fertilizer. Within these ranges, subsurface drip-irrigated walnuts achieved optimal 
comprehensive growth, contributing to enhanced quality and efficiency. 

 
Figure 11. Regulatory effects of water and fertilizer interaction on the comprehensive evaluation score of 
walnuts. 
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4. Discussion 

4.1. Effects of Water and Fertilizer Interaction on Walnut Growth and Photosynthetic Parameters 

As a fundamental approach for regulating fruit tree development and biomass production, the 
interaction between water and fertilizer exhibits significant growth-stage specificity and synergistic 
effects on walnut growth indicators and photosynthetic characteristics. Analysis of growth indicator 
dynamics revealed that NSG accumulation followed a characteristic S-shaped curve, primarily 
occurring during the flowering and fruit-setting stages, and continued through to the fruit expansion 
stages. This pattern is consistent with the vegetative-reproductive growth transition pattern observed 
in woody crops. Consistent with findings by Li et al. [19] in grape studies, the fruit expansion stage 
represents a critical period for vegetative growth, characterized by high cell division activity and 
maintained sensitivity to water stress. It is noteworthy that the water-fertilizer interaction did not 
significantly affect NSG, potentially due to response latency or buffering capacity against 
environmental fluctuations. In perennial plants, particularly trees, shoot growth is often influenced 
by environmental conditions from previous years [20]. This study found that under F1 and F2 
fertilizer levels, NSG showed an initial increase followed by a decrease with increasing irrigation, 
while under F3 conditions, NSG continued to increase. This suggests that elevated fertilizer 
application may mitigate the inhibitory effects of excessive irrigation by enhancing root water uptake 
capacity or reducing soil solution osmotic potential. Similar to observations by Zhou et al. [21] in 
apple trees, excessive irrigation reduced photosynthetic efficiency and root activity, leading to 
suppressed shoot growth. However, under the F3 fertilizer level, shoot growth increased linearly 
with irrigation without observable inhibition, as sufficient nutrient availability counteracted the 
stress effects of high water application. 

Walnut FV increased continuously throughout the growth season, with the most rapid 
expansion occurring during the fruit enlargement stage. This phenomenon aligns with the general 
pattern of fruit development in plants, where rapid biomass accumulation occurs during specific 
developmental phases [22]. During the fruit enlargement stage, irrigation was the dominant factor 
influencing FV, and the W3 irrigation regimen consistently resulted in the highest values. This 
indicates that adequate and appropriate water supply is a key limiting factor determining fruit 
volume expansion during the rapid fruit growth phase [23]. During the shell hardening and oil 
conversion stages, the growth rate of FV slowed, but both irrigation and fertilizer effects became 
significant. The W3F2 treatment resulted in the highest FV. This observation is consistent with Wang 
[24] finding that differences among water and fertilizer treatments became more pronounced during 
the shell hardening stage compared to the fruit enlargement stage. This phase is characterized by 
substantial internal substance accumulation in walnut fruits, requiring a new balance of nutrient and 
water demands. 

The trends in LAI and SPAD were closely synchronized, with both parameters peaking during 
the shell hardening stage. This indicates that this period represents the peak functional activity of 
walnut photosynthetic organs. LAI was significantly higher under the W3 irrigation treatment 
compared to other water levels and increased with higher fertilizer application. However, excessive 
irrigation (W4) reduced LAI by 14.3% to 16.5%. This aligns with Cheng et al. [25] observations in 
drip-irrigated walnuts, where LAI under the high (EI) irrigation treatment was significantly greater 
than under both low (DI) and medium (CI) irrigation treatments. The response of SPAD values was 
more dependent on water-fertilizer interaction. Under F2 and F3 fertilizer levels, SPAD reached its 
maximum at the W2 irrigation level, while both W1 and W4 irrigation inhibited chlorophyll 
synthesis. This inhibition of chlorophyll synthesis under both water deficit (W1) and water excess 
(W4) is consistent with the findings of Zhang et al. [14] on regulated deficit irrigation. 

Plant photosynthetic activity is the fundamental basis for biomass production and yield 
formation. Its intensity and dynamics are directly regulated by the interaction between water and 
nutrient availability. Throughout the growth stages, Pn, Tr, and Gs exhibited unimodal curve 
patterns, peaking during the shell hardening stage. This stage is critical for fruit development, as 
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kernel formation and oil synthesis require substantial energy and photosynthetic products. To meet 
these substantial metabolic demands, plants enhance their photosynthetic activity, a response that is 
consistent with previous findings in pome fruit trees [26]. Moderate irrigation (W2-W3) during this 
stage significantly enhanced Pn and Gs. In contrast, W1 irrigation reduced CO2 supply, primarily due 
to decreased Gs, resulting in a more than 12% reduction in Pn compared to W2 and W3. Although 
W4 did not significantly suppress Pn, this treatment only produced a secondary peak in Pn under 
high fertilizer conditions. Li et al. [27] reported that net photosynthetic rate and stomatal conductance 
under full irrigation were significantly higher than those under moderate and severe drought 
conditions, a finding that supports the view that appropriate water supply benefits photosynthetic 
performance. In this study, the W2F2 treatment achieved simultaneous peaks in Pn, Tr, Gs, and Ci 
during the shell hardening stage. This mechanism aligns with the conclusions of Li [28] regarding 
water and fertilizer effects on grape photosynthesis, where the W2F2 treatment also resulted in 
maximum Pn, Tr, and Gs in grape leaves, while excessive irrigation and fertilization did not enhance 
photosynthesis. However, unlike that study, the W2F2 treatment here showed synchronized peaks 
in Gs (451.38 mmol·m-2·s-1) and Pn (19.68 mmol·m-2·s-1), but the increase in Gs was slightly greater 
than that in Pn compared to other treatments. This led to incomplete consumption of the additional 
CO2 supply, ultimately resulting in elevated Ci. Furthermore, studies have shown that stomatal 
conductance increases under high carbon dioxide concentrations in hot and dry environments [29]. 
This finding corresponds with our observations during the shell hardening and oil conversion stages, 
when temperatures reached 41 °C, and the W2F2 treatment exhibited simultaneously highest Gs and 
Ci levels. 

4.2. Water and Fertilizer Interaction on Walnut Quality 

The application of water and fertilizer exhibited a significant synergistic effect on the formation 
of walnut fruit quality. This effect is achieved by influencing carbon and nitrogen metabolism, 
secondary metabolite synthesis, and nutrient partitioning pathways. These physiological processes 
ultimately manifest as dynamic changes in key quality indicators, including crude protein, crude fat, 
soluble sugars, starch, and tannins. In this study, the W4F3 treatment significantly increased the 
crude protein content (241.72 g·kg-1). This finding aligns with the results of Wang [30] on water-
fertilizer combinations in chestnuts. Their study also reported the highest protein content under high 
water and high fertilizer conditions on chestnut protein, whose study also reported the highest 
protein content under high water and high fertilizer conditions, alongside a significant increase in 
leaf nitrogen content for that treatment. Together, these results indicate that conditions of high water 
and high fertilizer are more conducive to promoting nitrogen translocation to the fruit [31]. Notably, 
the crude protein content under the W2F2 treatment (238.64 g·kg-1) in this study was not significantly 
different from that of the high water and fertilizer treatment (241.72 g·kg-1). This suggests that 
optimized moderate water and fertilizer management can serve as an effective substitute for 
resource-intensive practices, which is consistent with the findings of Tang et al. [32] for optimized 
water and fertilizer management in carrots, where significant reductions in resource inputs were 
achieved while maintaining quality. Crude fat content peaked under the W2F3 treatment (16.73 g·kg-

1), whereas the W4F3 treatment significantly inhibited fat accumulation, resulting in a reduction of 
28.2%. This phenomenon may be related to the role of moderate water reduction during the oil 
conversion stage in promoting fatty acid desaturase activity [33]. This result is consistent with the 
conclusion of Ma [34] on the water-fertilizer interaction effects on crude fat in oil sunflower. Their 
study also found that crude fat content followed a unimodal trend, first increasing and then 
decreasing with increasing irrigation quota, reaching its maximum under a medium water and 
medium fertilizer treatment. An antagonistic interaction between water and fertilizer was observed 
for the accumulation of soluble sugars and starch. Under the F1 fertilizer level, increasing the 
irrigation amount significantly suppressed the content of both soluble sugars and starch. This 
indicates that under nitrogen-limited conditions, increased water application dilutes the allocation 
intensity of photosynthetic products to the fruit, while simultaneously promoting vegetative growth 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2025 doi:10.20944/preprints202509.1158.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1158.v1
http://creativecommons.org/licenses/by/4.0/


 24 of 30 

 

which consumes more assimilates [35]. This aligns with the findings of Zhou et al. [36], who reported 
that increased irrigation under low nitrogen conditions reduced soluble sugar content in apples. 
However, a unique finding of this study was that under the F3, increasing irrigation significantly 
enhanced the content of soluble sugars (peaking at 27.86 g·kg-1 under W3F3) and starch. This is likely 
because under high nitrogen supply, adequate water can increase carbon source supply by enhancing 
the LAI and Pn [37]. In this study, the W3F3 treatment maintained the highest LAI throughout the 
entire growth period and achieved a maximum Pn of 19.20 μmol·m-2·s-1, which corroborates this 
proposed mechanism. Tannins, as defensive secondary metabolites, reached their lowest 
concentration (9.35 g·kg-1) under the W3F3 treatment, representing a 54.3% reduction compared to 
the highest value observed under W1F1. This finding is consistent with Zhang et al. [38], who found 
that moderately increasing water application reduced tannin concentration in walnut fruits. 

4.3. Effects of Water and Fertilizer Interaction on Walnut Yield Components, Water and Partial Factor 
Productivity of Fertilizer, and Soil Nitrate Nitrogen 

The synergistic improvement of yield and resource use efficiency constitutes a fundamental goal 
of sustainable agricultural development. The water-fertilizer interaction is a key mechanism for 
achieving this goal. Yield increased continuously with increasing irrigation under the F1 fertilizer 
level. However, under both the F2 and F3 fertilizer levels, yield exhibited a unimodal curve, peaking 
at the W2 irrigation level.The W2F2 combination achieved the maximum yield (3801.40 kg·hm-2). 
Furthermore, at any given irrigation level, yield was consistently highest under the F2 fertilizer 
treatment. This result confirms the general principle that a “threshold exists for the water-fertilizer 
synergistic effect”. Liu [39] found that water was the dominant limiting factor for subsurface drip-
irrigated Korla fragrant pears under low fertilizer conditions, while under high fertilizer conditions, 
yield also showed a unimodal trend in response to irrigation. Furthermore, this study highly aligns 
with the conclusions of Lin et al. [40] on jujube trees. When the fertilizer application rate was F2 or 
F3, yield peaked only at the W2 irrigation level, demonstrating that both insufficient and excessive 
irrigation limit yield under excessive fertilization. Single fruit weight, a core component of yield, also 
peaked under the medium water and medium fertilizer combination (W2F2). This further illustrates 
that increasing single fruit weight is a key pathway to achieving high yield. WUE showed a 
significant dependence on fertilizer level. Under the F1 level, increasing irrigation to W3 improved 
WUE, as adequate water promoted root absorption of the limited nutrients [41]. In contrast, under 
the F2 and F3 levels, increased irrigation reduced WUE, primarily because excessive fertilization led 
to increased transpiration without a proportional conversion of water into biomass [42]. The research 
by Hou et al. [43] on cotton was more explicit: increasing irrigation amount led to decreased water 
use efficiency because high nitrogen exacerbated water leakage and evaporation losses. PFP, 
however, exhibited a decreasing pattern with increasing fertilizer application rate, regardless of the 
irrigation level. This is because under high fertilizer conditions, even with sufficient water, excess 
nutrients accumulate as they exceed the crop’s demand [44], leading to a decrease in PFP. This is 
consistent with the observation in this study that soil nitrate nitrogen residue under the F3 fertilizer 
level was significantly higher than under F1 and F2. Furthermore, a clear inflection point exists for 
the positive effect of irrigation amount on PFP. When the fertilizer application rate was the same, 
increasing irrigation to W2 significantly improved PFP, which is consistent with the findings of 
Zhong et al. [45]. It is noteworthy that the W2F2 treatment in this study achieved the highest yield 
while maintaining relatively high levels of WUE and PFP. This indicates that a combination of 
moderate fertilizer and irrigation provides a quantitative basis for achieving the dual goals of high 
yield and high resource use efficiency in the management of subsurface drip-irrigated walnuts in 
Southern Xinjiang. 

The characteristics of soil nitrate nitrogen residue directly indicate nitrogen use efficiency and 
environmental risk. In this study, residue were highest in the 60-80 cm soil layer, exceeding those in 
the 20-40 cm layer by 26.2%. Irmak et al. [46] reported accumulation of soil nitrate nitrogen in the 60-
120 cm layer under subsurface drip irrigation, indicating a risk of deep leaching. This finding is 
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consistent with the results of the present study. The fertilizer application rate was the dominant factor 
influencing nitrate residue. Nitrate nitrogen residue under the F3 treatment was higher than under 
F1 and F2, with the W1F3 treatment reaching 70.60 mg·kg-1. This aligns with the findings of Lu et al. 
[47], who showed that a 30% reduction in fertilizer application effectively decreased the deep 
accumulation of soil nitrate nitrogen. 

4.4. Comprehensive Growth Evaluation of Subsurface Drip-Irrigated Walnuts Based on the TOPSIS-GRA 
Coupled Model 

This study evaluated the comprehensive growth status of subsurface drip-irrigated walnuts 
using a coupled TOPSIS-GRA model. Its core innovation lies in overcoming the limitation of 
traditional evaluation models that directly use final growth and photosynthetic indicators, instead 
establishing a comprehensive evaluation system based on the dynamic characteristics across growth 
stages. Yang et al. [48] found that early-stage indicators, such as stem diameter during the vine 
growth stage and net photosynthetic rate during the flowering and fruit-setting stage, were 
significantly correlated with the final yield in melons. They constructed a dynamic multi-growth-
stage comprehensive evaluation system for melons by screening indicators related to final yield and 
quality. This study shares methodological commonalities with theirs; however, a key difference is 
that our research employed PCA to integrate growth and photosynthetic indicators from each growth 
stage, constructing the CGI and CPI. This approach not only preserves the core information from 
each stage but also assigns weights based on variance contribution rates, achieving dimensionality 
reduction and aggregation of multi-dimensional indicators [49]. This study found that physiological 
processes from the budburst to the oil conversion stages exhibit a cascading effect on final yield and 
quality formation. The III-CGI and III-CPI dominated yield formation with highly significant 
correlations (P<0.01) of 0.727 and 0.725, respectively. Furthermore, the regulatory effect of the IV-CPI 
on single fruit weight was significantly higher than that during other growth stages. This indicates 
that traditional final-stage evaluation models may overlook the spatiotemporal heterogeneity of 
water and nutrient requirements across different walnut growth stages [50], resulting in a weak 
biological basis for water and fertilizer management decisions. 

The TOPSIS-GRA coupled model reconciled the conflict between subjective and objective 
weights through game theory-based combination weighting. Consistent with Bai [51] comprehensive 
evaluation study on jujube, the combined weight for the yield indicator (0.215) was the highest. 
Notably, the objective weight assigned to nitrate nitrogen residue by the CRITIC method (0.088) was 
1.44 times that assigned by the AHP method (0.061). This reflects the model’s ability to scientifically 
balance high-yield objectives against environmental risk. Compared to relying solely on subjective 
weighting, this approach better aligns with the multi-objective optimization requirements of green 
agricultural development [52]. Both this study and the research by Chang et al. [53] focused on 
optimizing water and fertilizer interaction for subsurface drip-irrigated walnuts in Southern 
Xinjiang’s arid region; each identified W2F2 as the optimal treatment. This finding aligns with Zhao 
et al. [54], who found medium irrigation (100% ETc) beneficial for increasing walnut yield, as well as 
with Fu et al. [55], who concluded that medium fertilizer levels enhance quality and efficiency in 
drip-irrigated walnuts. This suggests a consistent pattern of water-fertilizer synergy for walnuts in 
the arid region of Southern Xinjiang. The regression model based on the TOPSIS-GRA comprehensive 
scores yielded an optimal water and fertilizer regulation interval of 5869.94–6519.81 m3·hm-2 for 
irrigation and 975.54–1107.49 kg·hm-2 for fertilizer. This differs from the optimal irrigation amount 
(4620 m3·hm-2) and fertilizer rate (2334 kg·hm-2) found by Piao [56] in a study on water-fertilizer 
parameters for enhancing yield and quality of ‘Wen 185’ walnuts. This discrepancy is primarily 
attributable to differences in local climate, soil conditions, and evaluation index systems between the 
experimental sites. It confirms the regional specificity of water and fertilizer management highlighted 
by Xing et al. [57] and underscores the refined advantage of this study’s focus on full growth-stage 
dynamics. 
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5. Conclusions 

(1) Water and fertilizer interaction exerted significant regulatory effects on walnut growth, 
photosynthesis, yield quality, resource use efficiency, and soil environment, with different indicators 
showing varying responses. The W2F2 treatment demonstrated superior performance in 
synergistically optimizing growth indicators, photosynthetic performance, yield, and quality. 
Concurrently, this combination maintained high water use efficiency and partial factor productivity 
of fertilizer, while effectively inhibiting the accumulation of nitrate nitrogen in deep soil layers. 

(2) The CGI and CPI indices, constructed based on principal component analysis, effectively 
integrated multi-dimensional indicators to quantify the physiological characteristics of each growth 
stage. Seven core parameters (I-CPI, II-CGI, II-CPI, III-CGI, III-CPI, IV-CGI, IV-CPI) were identified 
through correlation screening. Among these, IV-CPI showed the strongest correlation with yield, 
while II-CPI exhibited the greatest regulatory potential for increasing single fruit weight and 
reducing tannin content. 

(3) The TOPSIS-GRA coupled model, utilizing game theory-based combination weighting, 
scientifically integrated multiple categories of indicators—including growth, photosynthesis, yield 
quality, efficiency, and soil environment—enabling an objective evaluation of the comprehensive 
growth status of walnuts. Within this model, yield (0.215) and water use efficiency (0.136) carried the 
highest weights. The W2F2 treatment achieved the highest comprehensive score (0.104). 
Optimization via a binary quadratic regression model determined the optimal water and fertilizer 
regulation intervals for subsurface drip-irrigated walnuts in Southern Xinjiang to be an irrigation 
amount of 5869.94–6519.81 m3·hm-2 and a fertilizer application rate of 975.54–1107.49 kg·hm-2. This 
provides a quantitative management basis for enhancing the quality and efficiency of local walnut 
production. 
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