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Abstract 

The global consumption of resources and environmental problems are becoming increasingly 
serious. China produces 61.0% of the world's watermelons, yet no comprehensive assessment of the 
resource consumption and environmental effects of China's watermelon production system has been 
reported. This study applies life cycle assessment (LCA), combining farmer surveys with field 
experiments, to systematically evaluate and verify the reduction potential of land occupation (LO), 
water depletion (WD), energy depletion (ED), global warming potential (GHG), acidification 
potential (AP), and eutrophication potential (EP), as well as the resource budget and environmental 
impact index (REI), in north China (NC), northwest China (NW), and southwest China (SW). The 
results reveal significant differences in resource consumption and environmental effects. The NC 
region was found to achieve the highest yield, 146% and 174% greater than the two other regions, but 
also to exhibit the highest resource use and emissions per unit area, with the lowest REI. By contrast, 
the SW region was found to achieve the most favorable performance in resource consumption and 
environmental emissions per unit yield. During the material stage (MS), more than 86.6% of energy 
and water resources are consumed, while in the farm stage (FS), 47.3% to 98.7% of total pollutants are 
emitted. Nitrogen (N) fertilizer is identified as the main contributor to GHG, WD, and EP, with field 
application accounting for more than 85% of the total impact. Although REI values across the three 
regions remain low, yield management and improved N fertilizer efficiency (PFPN) present a 
reduction potential of 46.5% to 55.4%, enabling both high yield and high efficiency. Field experiments 
further verify that reducing N fertilizer use by 14.3% to 40.0% can lower environmental impacts, 
which is of great significance for promoting green watermelon production. 

Keywords: watermelon; life cycle assessment; resource consumption and environmental effects; 
mitigation potential; green watermelon production 

1. Introduction

The massive consumption of resources and the continuous deterioration of the environment are
two major ecological problems worldwide. At present, the global population is steadily growing, and 
food demand continues to increase. Meanwhile, the inputs of water, fertilizer, and other resources in 
agricultural production are also rising [1]. It is estimated that by 2050, to meet global food demand, 
agricultural resource input must increase by more than 50% [2]. However, the efficiency of resource 
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utilization remains generally low, which has exerted a serious impact on the environment [3]. 
Excessive input of agricultural materials has generated large amounts of greenhouse gas (GHG) 
emissions, with an even stronger impact observed for economic crops such as orchards and 
vegetables [4–6]. Therefore, in the face of ever-growing human demands, the agricultural production 
system faces severe challenges: to pursue output growth while simultaneously improving resource 
use efficiency and reducing environmental emissions [7,8]. The problem of excessive resource input 
in agricultural production and the resulting environmental consequences have received increasing 
attention from agricultural researchers. 

In agricultural systems, nitrogen (N) input plays a crucial role and continues to increase [9], 
placing considerable pressure on global resources and the environment. Within the planetary 
boundary framework for Earth system sustainability, the biogeochemical cycle of N has already far 
exceeded the safe boundary [10]. The environmental impacts caused by N fertilizer input are greatest 
in multiple crop systems, including food crops [11], orchards, and vegetables [4,6]. Excessive 
application of N fertilizer not only fails to enhance crop yields but also leads to leaching losses in 
areas with high precipitation, improper irrigation, or poor soil fertility, thereby contaminating 
groundwater and surrounding rivers or lakes [12–14]. In addition, it causes large GHG emissions 
through volatilization [15,16]. 

Life cycle assessment (LCA) is a method used to quantify the environmental load of agricultural 
production from cradle to farm. By evaluating both the agricultural input stage and the farming stage 
of crop production, LCA analyzes the environmental impact throughout the entire production 
process [17]. Assessments of different crops using the LCA method have also shown that the 
emissions generated during N fertilizer production cannot be ignored [18]. Therefore, clarifying the 
scientific management of N fertilizer in crop production systems with different management models 
is of particular importance. 

With the continuous growth of the global population and economic development, human 
demands are also steadily increasing. Therefore, while ensuring food security, improvement of the 
production of fruits and vegetables is an important guarantee for the daily nutrition supply of human 
beings [19]. Watermelon, as an important summer fruit, is not only rich in nutrients and flavor, but 
its by-products also contain abundant vitamins, minerals, and bioactive compounds that benefit 
cardiovascular health, diabetes management, and gastrointestinal health [20]. In 2023, the global 
planting area of watermelon reached 3.04 million hectares (Mha), with a total production of 64 million 
tons (Mt). Among these, China accounted for 49.1% of the global planting area and 61.0% of total 
production [9]. Khoshnevisan et al. assessed watermelon cultivation in Iran, reporting average GHG 
emissions of 9,485.47 kg CO2-eq ha-1 yr-1, with electricity use as the largest contributor [21]. As Iran is 
an inland arid region, irrigation requires substantial electricity input. By contrast, the situation of the 
watermelon cultivation system in China remains unclear. Clarifying the resource input and 
environmental impact of China’s watermelon cultivation system is therefore essential for 
understanding the scientific management of watermelon production worldwide. 

This study evaluates the resource consumption and environmental emissions of watermelon 
production in China using the LCA method, and quantifies the potential for resource conservation 
and emission reduction under price-adjusted optimization measures across different regions. This 
study aims to: (1) develop a deeper understanding of the regional characteristics of watermelon 
production in China and identify advantageous production areas; (2) examine the resource 
consumption and environmental effects of watermelon production and determine the key factors 
influencing environmental outcomes; and (3) identify high-productivity practices under optimized 
production conditions in different regions, explore the optimization potential of different regions, 
and provide a scientific basis for the sustainable production and full-process optimized management 
of watermelon production in China. 
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2. Materials and Methods 

2.1. Study Region 

Based on previous studies, watermelon production in China can be divided into six typical 
regions (Figure 1): the northeast cultivation region (NE), the north China large-scale variety 
cultivation region (NC), the northwest dry climate cultivation region (NW), the southwest wet 
cultivation region (SW), the Yangtze River rainy cultivation region (YZ), and the south China multi-
cropping region (SC). Among these, NC, NW, and SW together accounted for 52.2% of the national 
planting area and 58.7% of total yield in 2018 [22], and were regarded as the most important 
watermelon-producing regions, especially in summer. In terms of production ranking, NC, NW, and 
SW respectively placed first, third, and sixth, representing the highest, medium, and lowest levels 
nationwide. In addition to differences in production scale and supply characteristics, yields in the 
three regions vary greatly due to differences in climate, soil texture, variety, irrigation and 
fertilization management, farmers' practices, and farm size (Table S1). 

 

Figure 1. The distribution of watermelon production in different provinces of various regions of China.. China 
was divided into six regions, northeast cultivation region(NE), north China large-scale variety cultivation 
region(NC), northwest dry climate cultivation region(NW), southwest wet cultivation region(SW), the rainy 
weather of the Yangtze river cultivation region(YZ) and south China multi-cropping region(SC), respectively by 
the red lines. Well, the provinces surveyed were identified by a symbol resembling a pentagram. 

2.2. Data Sources 

From 2019 to 2020, a detailed farmer survey was conducted in six provinces across three regions: 
NC (Henan, Hebei), NW (Gansu, Ningxia), and SW (Sichuan, Chongqing) (Figure 1). Following the 
farmer survey method described by Jia et al. [23], two provinces or municipalities were randomly 
selected within each region, and three towns were randomly selected in each province or 
municipality for investigation. Questionnaires were distributed only to farms with a planting area 
larger than 0.13 ha. All materials from preparation to harvest were recorded in detail, including 
fertilizer, pesticide, agricultural plastic film, fuel oil, and irrigation use in watermelon production. 
Based on the proportion of sample numbers and planting scales within each cultivation region, a total 
of 295 valid data points were obtained after excluding outliers. These data served as the primary 
input for LCA analysis. The investigated inputs and outputs for the LCA of watermelon production 
across the three regions were compiled in Excel 2010 and are presented in Table 2. 
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In addition, field experiments were conducted to verify the potential of optimizing N 
management for resource conservation and emission reduction. Indicators and parameters obtained 
in the field stage were consistent with those collected through the survey. 

2.3. System Boundary 

2.3.1. Scope Definition 

In accordance with the LCA principles and framework proposed by ISO14040 [17], the LCA 
methodology was applied to evaluate the potential environmental impacts and resource 
consumption of watermelon production from cradle to farm. The system boundary extended from 
raw material extraction for watermelon production to fruit harvest (Figure 2). The sustainability 
influence of agriculture can be divided into two main categories: resource utilization and 
environmental influence. In this study, resource utilization focused on land occupation (LO), water 
depletion (WD), and energy depletion (ED), while environmental impact included global warming 
potential (GHG), acidification potential (AP), and eutrophication potential (EP). Furthermore, the 
production system was divided into the agricultural materials stage (MS), which included the 
production processes of fertilizer, pesticides, agricultural plastic films, and diesel, and the arable 
farming stage (FS), which covered the entire process of crop cultivation in the field [24]. The land, 
water, and energy consumed in the production of plant equipment, construction facilities, and 
transportation equipment in the MS were excluded from the life cycle inventory (LCI) due to a lack 
of available information. 

 

Figure 2. System boundary for watermelon production in China. In this system, it was divided into the 
agricultural materials stage (MS), which was the pink part and the arable farming stage (FS) made up of green. 

In this study, one ton (per t) of watermelon was taken as the main functional unit. Because 
differences in environmental effects under different cultivation conditions and sequences depend on 
the choice of functional units [25], yield per hectare (per ha) was also considered as an auxiliary unit 
to better reflect environmental burdens and agricultural productivity in different cultivation regions 
during the characterization phase.  

2.3.2. Data Analysis 

Resource consumption and pollutant emissions associated with the production of fertilizer and 
other raw materials, as well as emissions during the FS of watermelon production, are presented in 
Tables S2 and S3, respectively. LO was evaluated using net primary productivity multiplied by the 
land use coefficient [26]. WD per functional unit (m3 unit-1) was calculated according to Eq. (1). ED in 
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the FS considered only electricity and irrigation, according to Eq. (2), with corresponding parameters 
of 12.5 MJ kWh-1 and 4.95 MJ m-3, respectively. The potentials of LO, WD, and ED under both 
functional units were compared using the Kruskal–Wallis one-way analysis of variance (ANOVA) 
for independent samples in SPSS (20.0 version) to account for non-normal distributions, and the 
results are presented in Figure 4. 

For environmental characterization, GHG, AP, and EP were calculated following IPCC [27] and 
Hauschild and Wenzel [28]. Contaminants such as ammonia (NH3), nitrate (NO3-), and nitrous oxide 
(N2O) were converted into carbon dioxide (CO2), sulfur dioxide (SO2), and phosphorus tetroxide 
(PO4), respectively, based on Wang et al. [29] (Eq. (3)). The calculation process is as follows: 

Fw = ∑QW(ip), (1) 
where Fw represents the amount of WD (m3 per unit-1), and QW(ip) represents the WD of the i-th 
application in phase p.  

FE = ∑QE(ip),  (2) 
where FE represents the amount of ED (MJ per unit-1), and QE(ip) represents the ED of the i-th 
application in phase p. 

EIj = ∑ (𝑃௡௜ୀଵ FSij ÷ PMSij) × ratei, (3) 
where EIj represents the potential for the j-th impact category; j (1, 2, 3) corresponds to global 
warming (kg CO2-eq per unit-1), acidification (kg SO2-eq per unit-1), and eutrophication (kg PO4-eq 
per unit-1); ratei represents the application rate of watermelon growth inputs, including N, P2O5, K2O, 
pesticides, diesel, and plastic film; PMSij represents the emission potential of the j-th impact category 
per kilogram of i input produced and transported; and PFSij represents the emission potential of the j-
th impact category per kilogram of i input applied. Furthermore, MS refers to the agricultural 
materials stage, and FS refers to the arable farming stage. 

2.3.3. Impact Assessment 

By weighting different types of resource consumption and environmental effects, the relative 
importance of each output in the watermelon production system was determined. To achieve this, 
the concept of the resource and environment impact index (REI) is introduced. In the normalization 
step, each environmental impact potential was divided by the world per-capita environmental 
impact normalization factor for 2005, to calculate an environmental index applicable to both organic 
and conventional production systems. In the weighting phase, each normalized indicator value was 
multiplied by a weighting factor (Table S4), as described by Liang et al. [26]. Finally, a comprehensive 
index of resource budget and environmental impact was obtained for comparison among the 
different environmental categories: 

REI = ∑ 𝐸𝐼௡௝ୀଵ j ÷ SRVj × ECj, (4) 
where REI represents the comprehensive ecological index; j (1, 2, 3, 4, 5, 6) corresponds to LO (m2 t-

1), WD (m3 t-1 ), ED (MJ t-1), GHG (kg CO2-eq t-1), AP (kg SO2-eq t-1), and EP (kg PO4-eq t-1); EIj 
represents the impact value of category j; SRVj represents the standardized reference value for 
category j (unit person-1 a-1); and ECj represents the weight coefficient of the j-th category. 

2.4. Optimization Potential Analysis 

The relationship between input-output performance and resource and environmental costs 
within the same cultivation region was compared using the grouping method of Ye et al. [30]. On this 
basis, optimization potential was evaluated. The N fertilizer efficiency (PFPN) was taken as a key 
indicator for assessing fertilizer efficiency in agricultural production [31]. The survey data from the 
three regions were divided into four groups according to average yield and average PFPN (Eq. (5)): 
low yield and low PFPN (LL); low yield and high PFPN (LH); high yield and low PFPN (HL); and high 
yield and high PFPN (HH) [32]. To quantitatively evaluate the contribution of nutrient management 
practices to watermelon yield, as well as their effects on resource use and environmental impact 
indexes across regions, mitigation potential was ultimately assessed. 
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PFPN = Y / Ninput, (5) 
where PFPN represents N partial factor productivity (kg kg-1); Y represents yield per unit area after 
fertilization (t ha-1); and Ninput represents the input of N fertilizer (t ha-1). 

2.4. On-Farm Trial 

In 2021, a total of seven fertilizer optimization experiments were conducted, including five in 
NC and two in SW. The geographical locations and cultivation practices of the experimental field 
were consistent with those of the surveyed areas. Each site included three treatments: farmer practice 
(FP), optimal N (OPT), and optimization with no N (OPT-N). The FP treatment represented the 
fertilization practices used by local farmers. The OPT treatment was calculated by multiplying the 
target yield by the nutrient absorption per unit yield. For OPT and OPT-N, the application rates of 
phosphorus (P) and potassium (K) fertilizers were the same, but N fertilizer was omitted entirely in 
OPT-N. Specific fertilization dosages are provided in Table 3. At each site, input and output data 
were recorded, and the potential environmental cost values of the six resource and environmental 
indicators were calculated.  

3. Results 

3.1. Regional Differences in Agricultural Input and Yield Effects for Watermelon Production in China 

Survey results from the three watermelon production regions in China showed that the average 
total inputs of N, P, and K were 397 kg N ha-1, 282 kg P2O5 ha-1, and 399 kg K2O ha-1, respectively. The 
average inputs of pesticides, diesel, plastic film, irrigation water, and electricity were 3.92 kg ha-1, 23.7 
L ha-1, 333 kg ha-1, 47.0 m3 ha-1, and 237 kWh ha-1, respectively. The national average yield was 42.9 t 
ha-1 (Table 1). 

Significant differences in nutrient inputs were observed among the regions. Inputs in NC were 
the highest, with N, P, and K levels of 558 kg N ha-1, 383 kg P2O5 ha-1, and 572 kg K2O ha-1, which were 
respectively 270%, 233%, and 561% higher than those in NW (Table 1). Other agricultural inputs were 
also the highest in NC. Notably, mechanical input is almost absent in NW, while irrigation in SW 
relies mainly on rainfall. The yield in NC was the highest at 56.8 t ha-1, which was 174% higher than 
that in SW (Table 1). Moreover, an analysis of PFPN in the three regions showed that the proportion 
of HH farms was 31.1%, 12.5%, and 15.0% in NC, NW, and SW, respectively (Figure 3). 

 
Figure 3. The relationships among yields and PFPN of watermelon production among four groups in NC, NW, 
SW. The groups LL, LH, HL, and HH were distinguished. The cross intersection was the group mean and values 
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were means ± SD. (d) (e) (f) were comparison of resource environmental impact index and optimization potential 
under different groups corresponded to (a) (b) (c). The red line represented the region average REI. 

Table 1. Inputs and outputs of producing watermelon in China. 

Input and output North China (n=158) 
Northwest  

(n=84) 
Southwest (n=53) Nation (n=295) 

Total fertilizer (kg ha-1)     

N 558±256 151±120 208±177 397±282 
P2O5 383±245 115±95.0 183±134 282±236 
K2O 572±266 86.5±75.4 285±177 399±313 

Organic fertilizer (kg ha-1)    

N 387±202 73.0±40.5 67.5±38.2 256±221 
P2O5 235±131 25.0±13.8 114±80.0 157±148 
K2O 363±178 51.6±35.2 153±88.0 246±210 

Chemical fertilizer (kg ha-1)    

N 171±106 78.3±65.2 140±79.0 142±105 
P2O5 148±127 90.1±43.6 69.6±46.5 125±113 
K2O 209±118 34.9±24.1 132±106 153±134 

Pesticide (kg ha-1) 4.38±2.59 2.33±1.17 3.00±0.80 3.92±5.79 
Diesel (L ha-1) 37.1±18.4 0.00±0.00 27.9±2.80 23.7±21.3 

Plastic film (kg ha-1) 512±341 102±11.0 84.8±18.6 333±329 
Irrigation (m3 ha-1) 70.6±11.6 23.6±21.8 0.00±0.00 47.0±31.7 

Electricity (Kwh ha-1) 341±219 106±81.0 0.00±0.00 237±234 
Yield (t ha-1) 56.8±16.4 23.1±6.80 20.7±11.1 42.9±21.0 

The cross intersection was the group mean and values were means ± SD. 

Table 2. The environmental impact of watermelon production in three regions. 

 NC NW SW 

MS FS Total MS FS Total MS FS Total 

Per t of the watermelon          

Global warming kg CO2- 37.0  84.4  121  39.2  48.1  87.3  79.5  71.3  151  

Acidification kg SO2-eq 0.11  2.90  3.01  0.11  1.86  1.97  0.22  3.10  3.32  

Eutrophication kg PO4- 0.01  0.97  0.99  0.01  0.63  0.64  0.03  1.07  1.09  

Per ha of the watermelon          

Global warming kg CO2- 1786  4323  6109  795  1040  1835  1359  1257  2616  

Acidification kg SO2-eq 5.24  148  153  2.21  39.6  41.8  3.79  54.2  58.0  

Eutrophication Kg PO4- 0.60  49.6  50.2  0.26  13.4  13.6  0.45  18.6  19.1  

Table 3. Field verification results in NC and SW. 

Reg

ion 

Nu

mbe

Treat

ment 

Total Yie

ld  

PFP-N 

(kg kg-1 ) 

  Impact category ( t-1) RE

I N P2 K2 LO W ED GHG AP  EP 

NC 
18H

B01 

OPT- 0  95  30 50. - 200 5.0 581 23c 0.23c 0.03c 0.0

OPT 2 95  30 66. 253a 150 8.1 673 68b 1.27b 0.37b 0.0

FP 5 39 48 62. 119b 161 10. 680 105a 2.4a 0.77a 0.0
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18H

B02 

OPT- 0  95  30 54. - 185 4.6 284 21b 0.21b 0.02b 0.0

OPT 2 95  30 62. 215a 161 9.1 480 77a 1.46a 0.43a 0.0

FP 4 15 38 61. 150a 163 12. 609 104a 2.03a 0.62a 0.0

18H

N01 

OPT- 0  63  20 39. - 253 3.8 305 18b 0.18b 0.01b 0.0

OPT 1 63  20 46. 268a 215 7.3 448 63ab 1.19b 0.35b 0.0

FP 3 35 35 40. 108b 246 17. 613 122a 2.66a 0.85a 0.1

18H

N02 

OPT- 0  63  20 45. - 221 3.3 267 16c 0.16c 0.01c 0.0

OPT 1 63  20 46. 270a 213 7.3 445 63b 1.18b 0.34b 0.0

FP 3 33 34 46a 124b 217 14. 527 105a 2.3a 0.73a 0.0

18H

N03 

OPT- 0  63  20 60. - 167 2.5 201 12c 0.12c 0.01c 0.0

OPT 1 63  20 69. 400a 144 4.9 300 42b 0.79b 0.23b 0.0

FP 3 33 34 63. 172b 157 10. 380 76a 1.66a 0.53a 0.0

SW 

18C

Q01 

OPT- 0  12 24 15. - 641 15. 193 48c 0.42c 0.05c 0.1

OPT 1 12 24 26. 179a 372 15. 140 99b 1.79b 0.53b 0.1

FP 2 19 26 26. 108a 385 19. 153 139a 2.78a 0.86a 0.1

18C

Q02 

OPT- 0  12 24 19. - 521 11. 456 21c 0.12c 0.03c 0.0

OPT 1 12 24 27. 184a 363 13. 592 84b 1.59b 0.51b 0.0

FP 2 17 28 26. 101b 380 18. 750 134a 2.79a 0.91a 0.1

Means in each column with different lowercase letters are significantly different at P < 0.05. 

3.2. Regional Differences in Resource Consumption and Environmental Effects of Watermelon Production 

Significant regional differences were also found in resource utilization burdens. The potentials 
for WD and ED per hectare in NC were higher than in the other regions. From the perspective of 
yield, however, the lowest burdens were observed in SW (Figure 4). The REI values of NC, NW, and 
SW were 0.10, 0.12, and 0.17, respectively (Figure 3). Across all regions, the mean total GHG, AP, and 
EP of watermelon production were 120 kg CO2-eq (range: 87-150 kg CO2-eq), 2.77 kg SO2-eq (range: 
1.97-3.32 kg SO2-eq), and 0.907 kg PO4-eq (range: 0.64-0.99 kg PO4-eq), respectively (Table S5). The 
mean ranges of agricultural LO, WD, and ED were respectively 200-571 m2, 11-16.5 m3, and 549-885 
MJ (Table S5). 

Significant differences in GHG, AP, and EP were also identified among regions. On a yield basis, 
the highest impacts were recorded in SW, at 151 kg CO2-eq t-1, 3.32 SO2-eq t-1, and 1.09 kg PO4-eq t-1, 
respectively. Interestingly, in SW, GHG emissions during the MS were higher than those during the 
FS, which contrasted with the patterns observed in NC and NW (Table 2). On an area basis, NC 
recorded the highest GHG, AP, and EP levels, at 6109 kg CO2-eq ha-1, 153 SO2-eq ha-1, and 50.2 kg 
PO4-eq ha-1, respectively. Again, in SW, GHG emissions during the MS exceeded those during the FS 
(Table 2). In addition, REI in NC was significantly lower than in the other two regions (Figure 3).  
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Figure 4. Resource burden of watermelon in 3 regions. The potential of (a, b) water resource depletion (WD), (c, 
d) energy depletion (ED) and (e) land occupation (LO) in per unit. Non-parametric tests were examined for each 
image, where red represents a significant difference(p<0.05) and blue on the contrary. 

3.3. Analysis of Key Influencing Factors of Resource Consumption and Environmental Effects 

Analysis of REI showed that LO contributed the most overall, followed by EP. However, in NC, 
EP exceeded LO in its contribution (Figure 5). Moreover, the comprehensive index was the highest 
in SW (Figure 5). Nutrient input was identified as the main factor driving GHG, AP, and EP. For 
GHG, chemical fertilizers were the dominant contributor, accounting for approximately 47.2%-76.4%, 
while organic fertilizers contributed 17.1%-42.0%. For AP, fertilizers accounted for 31.4%-67.3%, with 
chemical fertilizers being the predominant source in NC. For EP, chemical fertilizers contributed 
31.1%-66.5%, while organic fertilizers played a greater role in SW (Figure 6a). When comparing 
stages, nutrient inputs during FS had greater impacts on environmental emissions than those during 
MS. Specifically, nutrient inputs in FS contributed 47.1%-69.7% of GHG, 93.4%-96.9% of AP, and 
97.7%-98.9% of EP (Figure 6b). 
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Figure 5. The weighted resource and environmental impact index of NC, NW and SW. 

 

Figure 6. (a) Contribution of individual inputs to the total GHG emissions, acidification potential and 
eutrophication potential. (b) Contribution of individual fertilizer inputs. 

3.4. Optimization Potential of Fertilization for Energy Conservation and Emission Reduction 

Compared with FP, OPT did not significantly change yields, although a slight upward trend was 
observed. PFPN, however, improved markedly, by 43.3%-148%. Apart from LO, OPT significantly 
reduced other forms of resource consumption and environmental emissions. REI was reduced by 
14.3%-40.0% in NC and by 16.7%-30.8% in SW (Table 3). 

4. Discussion 

4.1. Resource Consumption Showed Significant Regional Characteristics 

Watermelon production in NC resulted in substantial WD and ED (Figure 4a, c). However, LCA 
analysis showed that when expressed per unit yield, WD, ED, and LO were highest in SW (Figures 
4b, 4d, 4e). This is because watermelon production in NC involved a large amount of agricultural 
inputs, leading to significantly higher yields compared with NW and SW (Table 1). Although SW has 
the lowest investment in agricultural inputs, it is primarily located in mountainous areas, whereas 
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NC is mainly plains [33]. Consequently, the soil and environmental conditions in SW are relatively 
poorer, and its watermelon yield is significantly lower than that in other regions [34]. In addition, 
irrigation in SW relies mainly on rainfall, which may also contribute to the lower yield [35]. ED 
accounted for more than 80% of total energy use due to extensive energy extraction, consistent with 
findings for Chinese cereal crops [36,37].  

Input and output play an irreplaceable role in determining LCA results [21]. As a fresh-market 
crop, watermelon yield serves as a hub linking the two functional units. When expressed per hectare 
of planted area, NC had the highest total nutrient inputs, pesticide application, agricultural plastic 
film use, and water, electricity, and diesel consumption among the three regions, with values 0.33-
5.61 times higher than those in other regions (Table 1). For example, agricultural plastic film in NC 
involves multiple production modes, including single-film, double-film, and multi-layer systems 
(Table S1). As a result, plastic film use in NC was 5.02 and 6.04 times higher than in NW and SW, 
respectively. 

The utilization of agricultural resources depends on local production practices, while 
environmental conditions influence the choice of production mode [38]. Geographical climate and 
farmers’ practices drive regional differences in resource consumption. During the growth period, the 
abundant rainfall in SW reduced water consumption during the FS (Table S1). By contrast, fertilizer 
and pesticide production in NC consumed large amounts of water in the MS [31,39,40], resulting in 
significantly higher total consumption than in NW. Therefore, when considering the environmental 
factors that affect watermelon growth, yield is a critical factor, as it directly relates to resource input 
and consumption [41,42]. 

4.2. Environmental Effects Showed Significant Regional Characteristics 

Compared with other crop systems, resource consumption in Chinese watermelon production 
is relatively low. However, the environmental footprint is comparatively high. In particular, 
environmental emissions in China, especially in SW and NC (Table S5, Figure S1), exceed those in 
other countries. This is due to the prominent role of Chinese watermelon production in the global 
market [9], which requires high production capacity and substantial inputs, resulting in significant 
environmental pollution [32,43]. 

Similar to resource consumption, the environmental effects of watermelon production were 
found to vary significantly across regions. On a per-hectare basis, NC showed the highest GHG, AP, 
and EP, while on a per-yield basis, SW had the highest values (Table 2). This reflects both the 
relatively high input of agricultural materials in these regions compared with NW (Table 1) and 
differences in growing conditions and management practices, which contribute to yield gaps and 
influence environmental effects [6,42]. 

Excessive fertilizer application, particularly N fertilizer, is a major factor driving high 
environmental emissions (Figure 6). Compared with P and K fertilizers, the production and transport 
of N fertilizers generate substantial GHG emissions. During the FS, N fertilizers also dominate 
environmental impacts (Figure 6). Although P and K fertilizer use in SW is relatively high, N fertilizer 
remains the primary contributor to GHG, AP, and EP (Table 1). These patterns are consistent with 
findings from other crop systems [4,6,44]. In addition to affecting emissions, N fertilizer also 
influences yield during watermelon growth [45]. Across NC, NW, and SW, the proportion of HH 
farms remains relatively low, and average REI can be reduced by 46.5%, 55.4%, and 48.3%, 
respectively (Figure 3). Under optimal conditions, environmental emissions can be minimized while 
achieving high yields [46]. Therefore, optimizing planting management and reducing inputs of 
agricultural chemicals, especially N fertilizers, is crucial for mitigating environmental impacts [18]. 

4.3. The Potential for Resource Use Reduction in Watermelon Production 

Watermelon nutrient studies indicate that only 1.25-3.10 kg of N is absorbed in 1 t of fruit [47,48]. 
For example, in NC, expert recommendations suggest N fertilizer application of 5.22-7.91 kg t-1 
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[49,50]. However, the actual farmer application observed in this survey was 9.83 kg t-1, indicating 
more than 20% room for adjustment (Table 3). 

Optimizing fertilizer use, particularly N fertilizer (Table 3), not only significantly improves PFPN 
but also mitigates LO, WD, ED, GHG, AP, and EP, resulting in substantial reductions in REI (p < 0.05). 
This confirms that excessive fertilizer use occurs in current watermelon production across regions. 
Simple optimization of fertilizer application can reduce resource consumption and environmental 
impacts while maintaining yield [21]. 

Moreover, adopting fertilization management techniques such as the ʺ4Rʺ principles can further 
enhance the utilization efficiency of N fertilizer, enabling additional reductions in fertilizer input and 
environmental emissions [51,52]. Therefore, implementing reasonable measures to reduce input 
while improving efficiency, along with adjustments to watermelon planting practices, is key to 
achieving green and sustainable development in China’s watermelon production system. 

5. Conclusions  

This study systematically evaluated the regional characteristics of resource consumption and 
environmental impacts in China’s watermelon production system and analyzed the key factors 
influencing these impacts across different regions. Moreover, optimization fertilization experiments 
conducted in different regions verified the potential of reducing resource use in watermelon 
production. Significant regional differences were observed in the Chinese watermelon production 
system. In NC, watermelon yield was approximately 2.84 times that in SW, resulting in significant 
differences in resource consumption and environmental impacts per unit area. On a per-hectare basis, 
NC exhibited the highest resource consumption and environmental effects, whereas on a per-yield 
basis, SW showed the greatest impacts. Furthermore, N fertilizer was identified as the most critical 
factor driving environmental emissions. Reducing N fertilizer application by 20% can significantly 
decrease resource consumption and environmental impacts while maintaining watermelon yield. 
Furthermore, adopting optimized fertilization methods can further increase yield, reduce resource 
consumption, improve environmental outcomes, and promote sustainable, green development in 
watermelon production. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 

Author Contributions: Conceptualization: Huanyu Zhao, Deshui Tan and Yueqiang Zhang; methodology: 
Huanyu Zhao, Yujia Li, Yuheng Wang and Jiawei Xie; validation: Yu Xu; formal analysis: Huanyu Zhao and 
Yujia Li; data curation: Huanyu Zhao and Yujia Li; writing—original draft: Huanyu Zhao and Yujia Li; writing—
review and editing: all authors; funding acquisition: Deshui Tan and Yueqiang Zhang. 

Funding: This work was support by the Supported by the Open Research Fund Program of State Key Laboratory 
of Nutrient Use and Management (KF2024-8), National Key Research and Development Program 
(2023YFD1901204) and the Key R&D Program of Shandong Province (2023TZXD088). 

Data Availability Statement: The data and materials used in this study are available upon reasonable request. 

Conflicts of Interest: The authors declare that they have no conflict of interest. 

References 

1. Campbell, B., Beare, D., Bennett, E., Hall-Spencer, J., Ingram, J., Jaramillo, F., Ortiz, R., Ramankutty, N., 
Sayer, J., Shindell, D., 2017. Agriculture production as a major driver of the Earth system exceeding 
planetary boundaries. Ecology And Society 22, 11. DOI:10.5751/ES-09595-220408. 

2. Springmann, M., Clark, M., Mason-D'Croz, D., Wiebe, K., Bodirsky, B.L., Lassaletta, L., de Vries, W., 
Vermeulen, S.J., Herrero, M., Carlson, K.M., Jonell, M., Troell, M., DeClerck, F., Gordon, L.J., Zurayk, R., 
Scarborough, P., Rayner, M., Loken, B., Fanzo, J., Godfray, H.C.J., Tilman, D., Rockstrom, J., Willett, W., 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2026 doi:10.20944/preprints202603.1328.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1328.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 15 

 

2018. Options for keeping the food system within environmental limits. Nature 562, 519-525. DOI: 
10.1038/s41586-018-0594-0. 

3. Oita, A., Wirasenjaya, F., Liu, J., Webeck, E., Matsubae, K., 2020. Trends in the food nitrogen and 
phosphorus footprints for Asia's giants: China, India, and Japan. Resources Conservation And Recycling 
157, 9. DOI: 10.1016/j.resconrec.2020.104752. 

4. Zhang, F., Liu, F., Ma, X., Guo, G., Liu, B., Cheng, T., Liang, T., Tao, W., Chen, X., Wang, X., 2021. 
Greenhouse gas emissions from vegetables production in China. J. Clean Prod. 317, 128449. DOI:  
10.1016/j.jclepro.2021.128449. 

5. Zhao, H., Lakshmanan, P., Wang, X., Xiong, H., Yang, L., Liu, B., Shi, X., Chen, X., Wang, J., Zhang, Y., 
Zhang, F., 2022. Global reactive nitrogen loss in orchard systems: A review. Science of The Total 
Environment 821, 153462. DOI: 10.1016/j.scitotenv.2022.153462. 

6. Zhao, H., Dong, Z., Liu, B., Xiong, H., Guo, C., Lakshmanan, P., Wang, X., Chen, X., Shi, X., Zhang, F., 
Zhang, Y., 2023. Can citrus production in China become carbon-neutral? A historical retrospect and 
prospect. Agriculture, Ecosystems & Environment 348, 108412. DOI: 10.1016/j.agee.2023.108412. 

7. Balmford, A., Amano, T., Bartlett, H., Chadwick, D., Collins, A., Edwards, D., Field, R., Garnsworthy, P., 
Green, R., Smith, P., Waters, H., Whitmore, A., Broom, D.M., Chara, J., Finch, T., Garnett, E., Gathorne-
Hardy, A., Hernandez-Medrano, J., Herrero, M., Hua, F., Latawiec, A., Misselbrook, T., Phalan, B., Simmons, 
B., Takahashi, T., Vause, J., zu Ermgassen, E., Eisner, R., 2018. The environmental costs and benefits of high-
yield farming. Nature Sustainability 1, 477-485. DOI: 10.1038/s41893-018-0138-5. 

8. Crippa, M., Solazzo, E., Guizzardi, D., Van Dingenen, R., Leip, A., 2022. Air pollutant emissions from global 
food systems are responsible for environmental impacts, crop losses and mortality. Nature Food 3, 942-956. 
DOI: 10.1038/s43016-022-00615-7. 

9. FAO (Food and Agriculture Organization of the United Nations), 2025. FAOSTAT Database - Resources. 
Food and Agriculture Organization of the United Nations. http://www.stats.gov.cn/ 

10. Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, I., Bennett, E., Biggs, R., Carpenter, S., de 
Vries, W., de Wit, C., Folke, C., Gerten, D., Heinke, J., Mace, G., Persson, L., Ramanathan, V., Reyers, B., 
Sorlin, S., 2015. Sustainability. Planetary boundaries: guiding human development on a changing planet. 
Science 347, 1259855. DOI: 10.1126/science.1259855. 

11. Chen, X., Ma, C., Zhou, H., Liu, Y., Huang, X., Wang, M., Cai, Y., Su, D., Muneer, M.A., Guo, M., Chen, X., 
Zhou, Y., Hou, Y., Cong, W., Guo, J., Ma, W., Zhang, W., Cui, Z., Wu, L., Zhou, S., Zhang, F., 2021. 
Identifying the main crops and key factors determining the carbon footprint of crop production in China, 
2001–2018. Resources, Conservation and Recycling 172, 105661. DOI: 10.1016/j.resconrec.2021.105661. 

12. Xia, L., Lam, S.K., Chen, D., Wang, J., Tang, Q., Yan, X., 2017. Can knowledge-based N management produce 
more staple grain with lower greenhouse gas emission and reactive nitrogen pollution? A meta-analysis. 
Glob Chang Biol 23, 1917-1925. DOI: 10.1111/gcb.13455.  

13. Zheng, X., Liu, Q., Ji, X., Cao, M., Zhang, Y., Jiang, J., 2021. How do natural soil NH4+, NO3- and N2O 
interact in response to nitrogen input in different climatic zones? A global meta-analysis. European Journal 
Of Soil Science 72, 2231-2245. DOI: 10.1111/ejss.13131. 

14. Li, X., Janssen, A., Strokal, M., Kroeze, C., Ma, L., Zhang, Y., Zheng, Y., 2023. Assessing nitrogen sources in 
Lake Erhai: A spatially explicit modelling approach. Agricultural Water Management 289, 10. DOI: 
10.1016/j.agwat.2023.108549. 

15. Wang, Y., Yao, Z., Zheng, X., Subramaniam, L., Butterbach-Bahl, K., 2022. A synthesis of nitric oxide 
emissions across global fertilized croplands from crop-specific emission factors. Glob. Change Biol. DOI: 
10.1111/gcb.16193. 

16. Liu, B., Guo, C., Xu, J., Zhao, Q., Chadwick, D., Gao, X., Zhou, F., Lakshmanan, P., Wang, X., Guan, X., 
Zhao, H., Fang, L., Li, S., Bai, Z., Ma, L., Chen, X., Cui, Z., Shi, X., Zhang, F., Chen, X., Li, Z., 2024. Co-
benefits for net carbon emissions and rice yields through improved management of organic nitrogen and 
water. Nature Food. DOI: 10.1038/s43016-024-00940-z. 

17. ISO, 2006. 14040 International Standard. Environmental ManagementeLife Cycle AssessmentePrinciples 
and Framework. International Organisation for Standardization, Geneva, Switzerland. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2026 doi:10.20944/preprints202603.1328.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1328.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 15 

 

18. Wang, X., Dou, Z., Shi, X., Zou, C., Liu, D., Wang, Z., Guan, X., Sun, Y., Wu, G., Zhang, B., Li, J., Liang, B., 
Tang, L., Jiang, L., Sun, Z., Yang, J., Si, D., Zhao, H., Liu, B., Zhang, W., Zhang, F., Zhang, F., Chen, X., 2020. 
Innovative management programme reduces environmental impacts in Chinese vegetable production. 
Nature Food 2, 47-53. DOI: 10.1038/s43016-020-00199-0. 

19. Mason-D'Croz, D., Bogard, J., Sulser, T., Cenacchi, N., Dunston, S., Herrero, M., Wiebe, K., 2019. Gaps 
between fruit and vegetable production, demand, and recommended consumption at global and national 
levels: an integrated modelling study. The Lancet Planetary Health 3, e318-e329. DOI: 10.1016/s2542-
5196(19)30095-6. 

20. Meghwar, P., Saeed, S., Ullah, A., Nikolakakis, E., Panagopoulou, E., Tsoupras, A., Smaoui, S., Khaneghah, 
A., 2024. Nutritional benefits of bioactive compounds from watermelon: A comprehensive review. Food 
Bioscience 61, 18. DOI: 10.1016/j.fbio.2024.104609. 

21. Khoshnevisan, B., Bolandnazar, E., Shamshirband, S., Shariati, H., Anuar, N., Kiah, M., 2015. Decreasing 
environmental impacts of cropping systems using life cycle assessment (LCA) and multi-objective genetic 
algorithm. J. Clean. Prod. 86, 67-77. DOI: 10.1016/j.jclepro.2014.08.062. 

22. NBSC (National Bureau of Statistics China) 2025. Chinese rural statistical yearbook, Beijing. 
23. Jia, X., Huang, J., Xiang, C., Hou, L., Zhang, F., Chen, X., Cui, Z., Holger, B., 2013. Farmer’s Adoption of 

Improved Nitrogen Management Strategies in Maize Production in China: an Experimental Knowledge 
Training. J. Integr. Agr. 12, 364-373. DOI: 10.1016/S2095-3119(13)60237-3. 

24. He, X., Qiao, Y., Liu, Y., Dendler, L., Yin, C., Martin, F., 2016. Environmental impact assessment of organic 
and conventional tomato production in urban greenhouses of Beijing city, China. J. Clean. Prod. 134, 251-
258. DOI: 10.1016/j.jclepro.2015.12.004. 

25. Van der Werf, H., Tzilivakis, J., Lewis, K., Basset-Mens, C., 2007. Environmental impacts of farm scenarios 
according to five assessment methods. Agric. Ecosyst. Environ. 118, 327-338. DOI: 
10.1016/j.agee.2006.06.005. 

26. Liang L., Chen Y., Gao W., 2009. Framework Study and Application of Agricultural Life Cycle Assessment 
in China: A Case Study of Winter Wheat Production in Luancheng of Hebei. Chin. J. Population Res. 
Environ. 19, 154-160. 

27. IPCC. Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change. 2014. (in Chinese) 

28. Hauschild, M., Wenzel, H., 1998. Environmental Assessment of Products. Scientific Background, vol. 2. 
Chapman and Hall, London, p. 565. 

29. Wang, M., Wu, W., Liu, W., Bao, Y., 2007. Life cycle assessment of the winter wheat summer maize 
production system on the North China Plain. Int. J. Sust. Dev. World 14, 400-407. DOI: 
10.1080/13504500709469740. 

30. Ye, Y., Wang, G., Huang, Y., Zhu, Y., Meng, Q., Chen, X., Zhang, F., Cui, Z., 2011. Understanding 
physiological processes associated with yield-trait relationships in modern wheat varieties. Field crop. Res. 
124, 316-322. DOI: 10.1016/j.fcr.2011.06.023. 

31. Cui, Z., Yue, S., Wang, G., Meng, Q., Wu, L., Yang, Z., Zhang, Q., Li, S., Zhang, F., Chen, X., 2013. In-season 
root-zone N management for mitigating greenhouse gas emission and reactive N losses in intensive wheat 
production. Environ. Sci. Technol. 47, 6015-6022. DOI: 10.1021/es4003026. 

32. Wang X., Zou C., Zhang Y., Shi X., Chen X., 2018. Environmental impacts of pepper (Capsicum annuum L) 
production affected by nutrient management: A case study in southwest China. J. Clean. Prod. 171 ,934-
943. DOI: 10.1016/j.jclepro.2017.09.258. 

33. Jiang, Z., Lian, Y., Qin, X., 2014. Rocky desertification in Southwest China: Impacts, causes, and restoration. 
Earth-Science Reviews 132, 1-12. DOI: 10.1016/j.earscirev.2014.01.005. 

34. Chen, X., Qin, X., Li, Y., Wan, Y., Liao, Y., Lu, Y., Wang, B., Chen, H., Wang, K., 2022. Residential and 
agricultural soils dominate soil organic matter loss in a typical agricultural watershed of subtropical China. 
Agriculture, Ecosystems & Environment 338, 108100. DOI: 10.1016/j.agee.2022.108100. 

35. Xiong, L., Shah, F., Zhao, Y., Li, Z., Zha, X., Ye, M., Wu, W., 2024. Sustainability analysis of irrigated and 
rainfed wheat production systems under varying levels of nitrogen fertilizer through coupling of emergy 
accounting and life cycle assessment. J. Clean Prod. 447, 141423. DOI: 10.1016/j.jclepro.2024.141423. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2026 doi:10.20944/preprints202603.1328.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1328.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 15 

 

36. Wang, M., Wu, W., Xia, X., 2010.Life cycle environmental assessment of summer maize in a North China 
high-yield region [J] .Acta Sci. Circumst. 30, 1339 -1344. (in Chinese) 

37. Li C., Zhao G., Wang Y., Wang D., 2015. Environmental Impact of Organic and Conventional Strawberry 
Production in North China Based on Life Cycle Assessment. Chin. Sci. Bull. 31,102-108. (in Chinese) 

38. Rivera X., Bacenetti J., Fusi A., Niero M.,2017. The influence of fertiliser and pesticide emissions model on 
life cycle assessment of agricultural products: The case of Danish and Italian barley. Sci. Total Environ. 
592,745-757. DOI: 10.1016/j.jclepro.2017.02.149. 

39. Zhang F., Chen X., Vitousek P., 2013. Chinese agriculture: An experiment for the world. Nature. 497, 33–35. 
DOI: 10.1038/497033a. 

40. Yue, S., 2013. Optimum Nitrogen Management for High-yielding Wheat and Maize Cropping System. 
China Agricultural University Press, Beijing, p. 80. 

41. Blengini, G., Busto, B., 2009. The life cycle of rice: LCA of alternative agri-food chain management systems 
in Vercelli (Italy). J. Environ. Manage. 90, 1512–1522. 

42. Chen, X., Xu, X., Lu, Z., Zhang, W., Yang, J., Hou, Y., Wang, X., Zhou, S., Li, Y., Wu, L., Zhang, F., 2020. 
Carbon footprint of a typical pomelo production region in China based on farm survey data. J. Clean Prod. 
277, 124041. DOI: 10.1016/j.jclepro.2020.124041. 

43. Norse, D., Ju, X., 2015. Environmental costs of China's food security. Agriculture Ecosystems & 
Environment 209, 5-14. DOI: 10.1016/j.agee.2015.02.014. 

44. Guo, C., Bai, Z., Wang, X., Zhang, W., Chen, X., Lakshmanan, P., Ma, L., Lu, J., Liu, B., Shi, X., Chen, X., 
2022. Spatio-temporal assessment of greenhouse gas emission from rapeseed production in China by 
coupling nutrient flows model with LCA approach. Food and Energy Security. DOI: 10.1002/fes3.398. 

45. Nowaki B., Filho A., Bernardes A., Faria R., Wamser A., Cortez J.,2017. Effect of nitrogen fertilization on 
yield and quality of watermelon, cv. top gun. Rev. Caatinga. 30,164-171. 

46. Rebolledo-Leiva R., Angulo-Meza L., Iriarte A., González-Araya M., 2017. Joint carbon footprint assessment 
and data envelopment analysis for the reduction of greenhouse gas emissions in agriculture production. 
Sci. Total Environ. 593–594 (2017) 36–46. DOI: 10.1016/j.scitotenv.2017.03.147. 

47. Shao Z., Li Z., Wang W., Zhao H., Wang X., Cui Z., Zu Y., 1996. Absorption and Distribution of Nitrogen, 
Phosphorus and Potassium in High Yield and Quality Watermelon. Acta Agric. Boreali-Sin. 11, 113-117. 
DOI: 10.11674/zwyf.2010.0631. 

48. Zhu H., Zang X., Shen A., Sun C., 1996. Study on nutrients uptake and balanced fertilization of watermelon. 
Acta Hortic. Sin. 2, 145-149. (in Chinese) 

49. Zhang Y., Dong L., Liu Z., Chen G., Li Y., Zhang P., 2010. Effect of fertilization amount and ratio on yield, 
quality and nutrient absorption of watermelon. Chin. J. Eco-Agric. 18,765-76. 
DOI: 10.3724/SP.J.1011.2010.00765. 

50. Zhao W., Chang G., Xu X., Li Q., Li X., Yang F., 2010. Effect of formula fertilization by soil testing on 
watermelon. J. Fruit Sci. 27,828-832. 

51. Xie, B., Gu, J., Yu, J., Han, G., Zheng, X., Xu, Y., Lin, H., 2017. Effects of N Fertilizer Application on Soil N2O 
Emissions and CH4 Uptake: A Two-Year Study in an Apple Orchard in Eastern China. Atmosphere 8, 181. 
DOI: 10.3390/atmos8100181. 

52. Cui, M., Zeng, L., Qin, W., Feng, J., 2020. Measures for reducing nitrate leaching in orchards: A review. 
Environ Pollut 263, 114553. DOI: 10.1016/j.envpol.2020.114553. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 March 2026 doi:10.20944/preprints202603.1328.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.1328.v1
http://creativecommons.org/licenses/by/4.0/

